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SAHORS Effluent containing M. aeruginosa of the stationary growth phase 
SEM Scanning electron microscopy 
SMP Soluble microbial products  
SOC Synthetic organic compounds  
SOM Surface-retained organic matter 
SUVA Specific ultraviolet absorbance 
THM Trihalomethanes 
TMP Transmembrane pressure 
TOC Total organic carbon 
TSS Total suspended solids  
UF Ultrafiltration 
UV Ultraviolet 
UVA254 UV absorbance at 254 nm 
Vis Visible 
WHO World Health Organization 
WTP Western Treatment Plant  
 
NOMENCLATURE 
 
A Effective membrane surface area (m2) 
Abs Absorbance 
J Permeate flux ( L m-2 h-1) 
J0 Initial permeate flux ( L m-2 h-1) 
t Time (h) 
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SUMMARY 
 
Membrane processes are widely employed in the treatment of wastewater for water recycling. 
Microfiltration is a widely accepted process for the removal of turbidity, colloidal particles (e.g., 
algae, microorganisms) and natural organics to help prevent fouling of nanofiltration and reverse 
osmosis membranes used in the desalination of the treated wastewater. However, membrane fouling 
by wastewater effluent organic matter remains a major limitation, especially during an algal bloom. 
Microcystis aeruginosa is reported to be the dominant cyanobacterium in wastewater treatment 
plants around the world, particularly in the wastewater treatment lagoons. Literature on the removal 
of cyanobacteria from biologically treated waste effluent via membrane filtration is lacking. 
 
The primary objective of this study was to determine the major factors affecting the performance of 
the microfiltration of a biologically treated lagoon effluent (HORS) containing M. aeruginosa, and 
to develop a more detailed understanding of the interactions between the residual foulants and the 
membrane with or without pre-treatments throughout algal growth. In an initial study in which M. 
aeruginosa (exponential growth phase) was spiked into HORS, microfiltration performance was 
diminished in terms of decreased volume of permeate and reduced flux recovery after hydraulic 
cleaning. Fouling of the membranes by the algal components was found to be, in decreasing order: 
algal cells, algal organic matter and extracellular organic matter. Microfiltration alone showed low 
removal of dissolved organic carbon (DOC) for HORS and HORS plus algal cells. Improvements in 
DOC rejection were obtained after pre-treatments (alum coagulation, alum coagulation followed by 
dissolved air flotation (DAF), alum coagulation with 1.5 µm pre-filtration) were applied.  
 
Alum coagulation also improved the flux and the permeate volume collected for HORS and HORS 
plus algal cells. The flocs formed a porous cake layer which protected the membrane from internal 
fouling but which was readily removed by hydraulic cleaning, leading to full flux recovery. 
Particulates larger than 1.5 µm were shown to contribute to membrane fouling by depositing on the 
membrane surface. Although coupling alum coagulation with DAF or 1.5 µm pre-filtration 
(surrogate for media filtration or sedimentation) further enhanced the flux rate and increased the 
permeate volume, it had a negative effect on flux recovery. This was mainly due to the absence of 
the protective alum-organic coagulum layer on the membrane surface, enabling freer access to the 
internal pores of the membrane by the smaller foulants.  
21 
In the next phase of the research program, M. aeruginosa was cultivated in HORS (AHORS) to 
simulate the conditions in a treatment lagoon where the growing algae interacts with the surrounding 
water (e.g., excretion of extracellular organic matter (EOM), interaction with natural organic matter), 
and leads to changes in organic matter in the effluent over the growth cycle. The effect on 
microfiltration performance was studied for the lag, exponential and stationary growth phases. In 
addition, the effect of pre-treatment with alum and aluminium chlorohydrate (ACH) was 
investigated.  
 
For the lag growth phase, the presence of M. aeruginosa in the biologically treated effluent had 
negligible impact on flux profile and permeate volume; full flux recovery was achieved with low 
alum dose (1 mg Al3+ L-1) and comparable results were achieved for ACH treatment at the same Al3+ 
dose.  
 
For the exponential growth phase, the increased cell and DOC concentration led to poorer flux 
profiles and lower permeate volumes than for the lag growth phase. The poorer flux profile was 
attributed to the change in the type of organic matter and the presence of algal cells, rather than 
increase in DOC. At 5 mg Al3+ L-1, ACH coagulation of HORS and AHORS gave better reduction in 
DOC concentration compared with alum. It was shown that these coagulants removed different types 
of organic compounds as exemplified by the greater removal of fluorescent organic matter by alum, 
whereas ACH gave greater removal of non-fluorescent organic matter. Alum treatment led to a 
better flux profile and increased permeate volume for both HORS and AHORS compared with ACH 
treatment. Furthermore, the impact of the M. aeruginosa cells and/or EOM was overcome at higher 
alum dosage (20 mg Al3+ L-1), leading to improved flux profiles. 
 
Hydraulic cleaning of the membranes used for the alum-treated samples gave higher clean water 
fluxes compared with ACH-treated samples. This indicated that the alum coagulum provided 
external protection for the membrane from internal fouling. For alum-treated (5 mg Al3+ L-1) HORS 
and AHORS samples, the majority of the foulants (i.e., polysaccharides, proteins, humic acid-like 
materials) and aluminium hydroxide coagulum were removed by hydraulic cleaning, leaving behind 
only an insignificant amount of protein- and polysaccharide-like material, leading to high flux 
recovery (98%). Similar observations of the cleaned membrane surface were made at higher alum 
dosage (20 mg Al3+ L-1) with flux recovery of > 91%. In contrast, for the ACH-treated HORS and 
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AHORS samples fouling materials and coagulum residues were more strongly attached to the 
membrane due to the highly polymerized nature of the ACH precipitate, causing difficulties in 
hydraulic cleaning, leading to lower flux recovery (63%) compared with alum. 
 
For the stationary growth phase, the large increase in the M. aeruginosa cell and EOM content, and 
the change in the type of organic matter had a detrimental impact on the flux profiles and gave the 
lowest permeate volumes compared with the lag and exponential growth phase. Although chemical 
coagulation (with alum or ACH) improved the flux rate, water quality and permeate volume during 
the stationary growth phase, a higher coagulant concentration was necessary to achieve a satisfactory 
amount of permeate, but this led to a severe drop in flux recovery. Increasing the alum dosage to 20 
mg Al3+ L-1 improved the flux profiles due to the development of a protective coagulum on the 
membrane surface. In contrast to the exponential growth phase, surface analysis of the hydraulically 
cleaned membranes for the alum-treated samples showed that the residual foulants and the 
aluminium hydroxide coagulum were recalcitrant, especially for samples with high EOM content, 
which in turn led to the large reduction in flux recovery. The EOM was found to have a stronger 
inhibitory effect on alum coagulation compared with the cyanobacterial cells in the effluent, causing 
the resultant foulants/particulates and coagulum to directly deposit and adhere to the membrane, thus 
leading to the formation of a recalcitrant foulant layer that was resistant to hydraulic cleaning. This 
was shown to be due to excreted phosphorus-containing materials in the EOM-rich fraction, reacting 
with the aluminium cations, impeding the hydrolysis of alum and causing strong affinity of foulant 
and the resultant coagulum with the membrane. 
 
Some implications for industrial applications are: 
• Alum is effective for treating biologically treated effluent during the lag and exponential growth 
stages of a M. aeruginosa bloom as there is little release of EOM, and high alum dosage does not 
have a detrimental effect on the flux profile and recovery. However, high alum dosage should be 
avoided in the stationary growth stages of the algal bloom due to the high EOM levels. 
• Higher flux recovery, and much lower internal membrane fouling was achieved with alum than 
with ACH, indicating a longer runtime, a shorter cleaning downtime and higher productivity. It 
is recommended that alum, rather than ACH, be used for the exponential and stationary growth 
stages of a M. aeruginosa bloom in the wastewater treatment lagoons. 
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CHAPTER 1 INTRODUCTION 
 
1.1 Project background 
Algal blooms can be a serious water quality problem in reservoirs, lakes, rivers and drinking water 
treatment plants around the world (Heng et al., 2009; Henderson et al., 2008c; Teixeira and Rosa, 
2006a). Lagoons are utilised in wastewater treatment plants as a low cost method for the removal of 
pathogens and treatment of secondary effluents which contain significant levels of nutrients (e.g., N 
and P) and biochemical oxygen demand (BOD) (Maynard et al., 1999). Blooms occur in lagoons of 
biological sewage treatment plants with long residence times (often up to 30 days), elevated residual 
nutrients (e.g., N and P), and light and temperatures that are conducive to growth. Periodic large 
blooms frequently involve cyanobacteria (commonly known as blue-green algae) and typically 
involve Microcystis aeruginosa (Vasconcelos and Pereira, 2001). M. aeruginosa is one of the 
common causes of hepatotoxicity and odour problems in Australian wastewater treatment plants 
(Bolch and Blackburn, 1996).  
 
Western Treatment Plant (WTP), Victoria, Australia, occupies about 10500 hectares of land and 
treats approximately 60% of Melbourne’s sewage using a combined activated sludge-lagoon process. 
The sewage first passes through activated sludge ponds with anoxic and aeration zones after which 
the effluent is clarified, passed through a series of lagoons and then held in the holding pond referred 
as Head of Road Storage (HORS) before release as Class A (with disinfection) or Class C (without 
disinfection) recycled water (Appendix A). Lagoon treatment is utilised as a low cost method for the 
removal of pathogens and treatment of secondary effluents which contain significant levels of 
nutrients (e.g., nitrogen and phosphorus) and biochemical oxygen demand (BOD) (Maynard et al., 
1999). These lagoons or holding ponds are subject to algal blooms (M. aeruginosa is a major bloom 
cause at WTP), particularly in the warmer months. WTP has a view to recycle the treated water but 
the salt content (1,800 µS cm-1) is a limiting factor to its long term sustainable use. Microfiltration 
(MF) and ultrafiltration (UF) were effective for treating wastewater for recycling and for the pre-
treatment of the effluent from the WTP prior to salt reduction via reverse osmosis (RO), however, 
membrane fouling remains a major obstacle (Fan et al., 2008; Stork, 2008).  
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M. aeruginosa forms buoyant colonies comprised of small coccoid cells of 3-8 µm diameter  (Baker, 
1992) and can produce a range of potent cyclic heptapeptide hepatotoxins known as microcystins 
(Carmichael, 1992). M. aeruginosa also secretes a mucilaginous slime material, or extracellular 
organic matter (EOM), forming a thick layered structure surrounding the cell (Kwon et al., 2005b). 
The presence of M. aeruginosa can impact severely on the performance of microfiltration and 
ultrafiltration units upstream of reverse osmosis units used in the desalination of treated effluent and 
represents a significant challenge for plant operators. The EOM can cement particles of natural 
organic matter (NOM) from the treated effluent on the filtration membrane surface causing an 
increase in resistance to filtration (Kwon et al., 2005b). Moreover, as the bloom collapses, it releases 
cellular organic matter (COM) and toxins to the surrounding water in significant concentrations 
(Jones and Orr, 1994). Although ultrafiltration is effective at removing microorganisms (>99.99%), 
Gijsbertsen-Abrahamse et al. (2006) reported the presence of microcystins in the permeate which 
was caused by shear due to the filtration process itself. Hence, microfiltration (0.1 µm 
polyvinylidene fluoride hydrophilic membrane) was selected over ultrafiltration in this study. 
 
Some researchers have reported that the extraneous organics resulting from the propagation of algae 
are difficult to remove from raw water by conventional treatments since the EOM may reduce 
particle destabilization within the coagulation-flocculation process (Paralkar and Edzwald, 1996; 
Bernhardt and Clasen, 1991); however others have reported that components of the EOM and COM 
may assist the coagulation due to their bridging effect (Ma and Liu, 2002).  
 
Various studies have been conducted by spiking M. aeruginosa into surface, lake and reservoir water 
or growth media prior to immediate treatment (e.g., by dissolved gas flotation, nanofiltration, 
electro-coagulation) to remove M. aeruginosa (Gao et al., 2010b; Heng et al., 2009; Zhang et al., 
2009; Teixeira and Rosa, 2006b). However, these procedures do not simulate the conditions of an 
algal bloom where possible interactions between the algal culture and water environment may occur 
throughout the algal growth cycle, which may have an effect on the filtration performance.  
 
Minimisation of the impact of algae by effective pre-treatment is desirable to minimise membrane 
fouling and ensure the quality of the treated effluent. In a review by Henderson et al. (2008b), 
chemical coagulants were found to be effective in algal removal from reservoir water and growth 
media. For the former, chemical coagulation using alum, ferric chloride and a cationic polymer (C-
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576) as a coagulant aid achieved cell removals of 75%-99%, whereas 62%-82% of the M. 
aeruginosa in growth media was removed by ferric sulphate and polyferric sulphate treatment. 
Similarly, Chow et al. (1999) demonstrated that alum treatment was effective for removing M. 
aeruginosa cells from reservoir water and no damage to the cells was found. Dissolved air flotation 
(DAF) is efficient for treating algae and constantly achieved greater than 90% cell removal 
(Henderson et al., 2008b). Another effective method is enhanced coagulation which uses elevated 
dosage of coagulant to increase the removal efficiency of dissolved organic carbon (DOC) (Edwards, 
1997; Krasner and Amy, 1995). However, little information is available on the pre-treatment of M. 
aeruginosa at different growth stages in a biologically treated effluent for mitigating the impact of 
membrane fouling (Newcombe et al., 2010). In addition, a study on the interaction of alum dose with 
the algal components (e.g., algal cells and EOM) throughout the algal growth stages was lacking. 
 
Polymeric coagulants based on pre-hydrolyzed forms of aluminium such as aluminium 
chlorohydrate (ACH) can be more effective than alum (a monomeric coagulant) to remove 
impurities in traditional water treatment processes (e.g., coagulation, sedimentation and filtration) 
(Wang et al., 2008). ACH has been considered advantageous compared with alum because it 
coagulates over a broader and higher pH range (6.5-8.0) and gives lower sludge production. In 
addition, ACH consumes less alkalinity resulting in a smaller pH reduction of the final effluent thus 
eliminating the need for pH adjustment. Many researchers have reported that ACH does not contain 
sulphate ions, thus reducing the risk of colour and corrosion problems in treatment plants (Gebbie, 
2005b; Jiang and Graham, 1998a) and also reduces the anionic loading to a subsequent reverse 
osmosis process. ACH is generally employed in drinking water treatment but is not often used in 
wastewater treatment. The effect of coagulants (monomeric or polymeric) on membrane 
performance in the treatment of wastewater is not completely understood, especially during a 
cyanobacterial bloom. 
 
It was reported the change in pH from 7.7 to 5.6 in natural and tap water had a negative influence on 
M. aeruginosa cells and the stability of cell aggregates (Teixeira and Rosa, 2006b), and death 
occurred at pH of < 6.0 (Wang et al., 2011), causing the release of microcystins. Similar results to 
that of Teixeira and Rosa, (2006b) were reported by Velzeboer et al. (1995) when using aluminium 
sulphate as coagulant under acidic conditions. Hence, the exposure of M. aeruginosa to acid and 
acidic pH conditions during treatment will be avoided in this study. 
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The drought in 2003  led to a shortage of water for the growers in the Werribee Irrigation District 
(Werribee Irrigation District Recycled Water Scheme, 2010). A temporary supply of drinking water 
was made available to the growers but a permanent solution was needed. The recycled water from 
WTP could be the solution to water shortage for the market gardens (Recycled Water, 2010) and so 
conserve the groundwater and the Maribyrnong River. However, the recycled water is too salty, and 
because of the high organic content, pre-filtration (MF or UF) is required to protect reverse osmosis 
units for long-term market garden application. Hence, the aim of this study was to investigate the 
impact of M. aeruginosa on membrane fouling in the treatment of the effluent at WTP using 
microfiltration, so as to maintain a high quality and secure source of water for growers. 
 
1.2 Objectives 
The primary aim of this study was to determine the major factors affecting the membrane 
performance in the microfiltration of lagoon effluent containing M. aeruginosa, and to have a better 
understanding of the interactions between the residual foulants and the membrane with or without 
pre-treatments (alum or ACH) throughout the algal growth cycle (i.e., early, mid and late phase). 
The steps designed to achieve this aim were to: 
 
1. Evaluate the permeate flux profiles; 
2. Determine the removal of algogenic and effluent  organic matter; 
3. Determine the treated water quality; 
4. Evaluate the use of Al-based coagulants at similar Al3+ concentration; 
5. Determine the impact of high alum dosing; 
6. Compare the performance of hydraulic cleaning of the membranes; and 
7. Examine the physical and chemical characteristics of the foulant layers. 
 
1.3 Thesis outline 
The background and objectives for the study are described in Chapter 1. This is followed by a 
literature review of the characteristics of wastewater and natural organic matter, influence of 
cyanobacteria on membrane fouling, and the membrane processes and the pre-treatments used for 
wastewater treatment (Chapter 2). The experimental materials and methods are contained in Chapter 
3. The experimental results are presented in four chapters. Preliminary studies on reducing the effect 
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of M. aeruginosa by a range of pre-treatments (chemical coagulation, dissolved air flotation, pre-
filtration) for the microfiltration of the biologically treated effluent are provided in Chapter 4. M. 
aeruginosa was grown in the effluent to simulate lagoon conditions and the impact of M. aeruginosa 
during algal growth on membrane fouling is investigated in Chapter 5. In Chapter 6 the use of Al-
based coagulants (alum and aluminium chlorohydrate) as pre-treatment to the microfiltration of the 
effluent containing M. aeruginosa is evaluated. The impact of alum overdosing in the treatment of 
effluent containing M. aeruginosa is provided in Chapter 7. The conclusions and recommendations 
drawn from this work are contained Chapters 8 and 9, respectively. 
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CHAPTER 2 LITERATURE REVIEW 
 
 
 
 
 
 
The primary objectives of this study were to determine the major factors affecting the membrane 
performance in the microfiltration of biologically treated effluent from a wastewater treatment plant 
containing M. aeruginosa, and to have a better understanding of the interactions between the residual 
foulants and the membrane with or without pre-treatments.  
 
In order to provide the background for this study, a literature review on three major aspects was 
prepared: The three parts were to provide an understanding of (i) the characteristics of the organics 
from wastewaters and natural waters, (ii) cyanobacteria and the treatments for their removal from 
wastewater and natural waters, and (iii) membrane characteristics, so as to describe the phenomenon 
and mechanism of membrane fouling and the means of mitigating membrane fouling. 
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2.1 Characteristics of Wastewater and Natural Organics 
The objectives of this section of the literature review were to: 
− understand the characteristics of organic matter in wastewater and natural water;  
− discuss the characteristics of organic matter and the relevant techniques used to determine 
them 
 
Conventional sewage treatment includes primary treatment, secondary biological treatment, 
followed by tertiary treatment.  Primary removes the bulk of the particulate matter; secondary 
removes the nitrogen and biodegradable dissolved organics; and tertiary treatment removes most of 
the remaining organic solids and pathogenic micro-organisms after which the treated wastewater can 
be discharged into waterways (Shon et al., 2003).The organic compounds present in biologically 
treated wastewater are termed effluent organic matter (EfOM) and it is implicated as the most 
important membrane foulant in biologically treated wastewater (Le-Clech et al., 2006; Singh, 2006; 
Wintgens et al., 2005; Shon et al., 2004; Jarusutthirak et al., 2002).  
 
EfOM is composed of a large variety of complex and heterogeneous compounds, and is measured as 
dissolved organic carbon (DOC) (Drewes and Fox, 1999). EfOM can be categorized into: (i) 
refractory natural organic matter (NOM) which is derived from drinking water sources, (ii) synthetic 
organic compounds (SOC) created during disinfection of wastewater treatment and domestic use, 
and (iii) soluble microbial products (SMP) which is derived from the biological treatment of the 
wastewater (Drewes and Fox, 1999). Inorganic substances are also found in wastewater as 
exemplified by metals (e.g., silicon, alumina, iron, calcium, manganese) (Maier et al., 2009; Zhang 
and Ma, 2009). 
 
2.1.1 Characteristics of EfOM 
EfOM contains some natural organic matter (NOM), and exhibits some NOM-like characteristics. It contains 
polysaccharides, proteins, humic and fulvic acids, residual degradable substrate, aminosugars, 
nucleic acids, organic acids and cell components (Barker et al., 2000; Barker and Stuckey, 1999). 
EfOM can be separated into different fractions including colloids, hydrophobic and transphilic 
fractions (Jarusutthirak et al., 2002). The colloidal fraction is composed of large molecular weight 
compounds (e.g., polysaccharides, proteins, and/or aminosugars), giving it hydrophilic character 
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(Jarusutthirak et al., 2002). The hydrophilic fraction is the most abundant fraction in EfOM, 
constituting 32-74% of the total organic carbon, followed by the hydrophobic acids which accounts 
for 17-28% (Shon et al., 2006).  
 
The hydrophobic and transphilic fractions possess characteristics of humic substances (i.e., high 
aromatic and carboxylic groups) (Jarusutthirak et al., 2002). The humic substances interact with 
many inorganic and organic pollutants, and can be a source of precursors for numerous disinfection 
by-products (DBP) such as trihalomethanes (THM), haloacetic acids, haloacetonitriles, 
haloacetaldehydes and nitrosamines (Krasner et al., 2008).  
 
The SMP are organic compounds derived from substrate metabolism and released by cell lysis 
during the growth and decay of the biomass (Aqino, 2004; Barker et al., 2000; Grady et al., 1999), 
and comprise largely soluble polysaccharides, proteins and organic colloids in wastewater effluent 
(Jarusutthirak and Amy, 2007; Rosenberger et al., 2006; Aqino, 2004). The SMP are similar to the 
soluble extracellular polymeric substance (EPS) excreted by the microbes from the activated sludge 
treatment process (Shin and Kang, 2003; Laspidou and Rittmann, 2002; Barker et al., 2000). The 
EPS comprise proteins and insoluble/soluble polysaccharides, and form an extracellular layer that 
aids in the aggregation of cells and their adhesion to surfaces, and the retention of nutrients and 
water (Laspidou and Rittmann, 2002; Flemming and Wingender, 2001).  
 
Treated wastewater is a possible source of trace metals such as Ag, Co, Cd, Cu, Cr, Fe, Ni, Mn, Pd 
and Zn (Worms et al., 2010a; Pernet-Coudrier et al., 2008; Buzier et al., 2006). EfOM can have an 
impact on metal bioavailability (Worms et al., 2010b).  
 
Due to the greater heterogeneity and complexity of EfOM compared with NOM, their physical and 
chemical behaviour in membrane fouling may vary, making it harder to explain the fouling 
mechanism (Namour and Muller, 1998). 
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2.1.2 Natural organic matter (NOM) 
NOM is a major component of EfOM and is derived from the activity of microorganisms and 
degradation of vegetation in natural water. A large portion of the NOM is in dissolved form and 
moves with the flow of the water body while some of the dissolved matter may aggregate into 
particulate form and sediment out of the water (Hessen and Tranvik, 1998).   
 
NOM possesses a large variety of functional groups (phenolic, hydroxyl, carbonyl and carboxylic 
acids) and range of molecular weights, and can be categorised into two groups: allochthonous and 
autochthonous (Zularisam et al., 2007; McKnight and Aiken, 1998). Allochthonous NOM is largely 
aromatic, possesses high lignin content and is derived from degraded animal matter and terrestrial 
vegetative debris in natural water. However, autochthonous NOM is largely aliphatic (associated 
with carboxylic acid functional group) and is generally derived from algae within the water body 
(Zularisam et al., 2006; McKnight and Aiken, 1998). NOM is a major contributor to drinking water 
problems such as membrane fouling, biofilm growth, colour and odour (Zularisam et al., 2006; 
Gottschalk et al., 2000; Malcolm, 1985).  
 
2.1.3 Functional groups of NOM 
The functional groups of NOM are categorised based on their acidic, neutral, or basic properties 
(Thurman, 1985). According to Thurman, organic acids account for approximately 90% of the 
organic carbon in water and the aquatic humic acid substances are the major sources of acidic 
functional groups. Neutral and basic functional groups can form hydrogen bonds with water because 
they contain oxygen, leading to the increased solubility of these organic molecules. The latter are 
sorbed by sediment (e.g., silica surfaces) due to their basic nature. The functional groups of NOM 
are shown in Table 2.1. 
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Table 2.1 Functional groups of NOM (Thurman, 1985) 
Functional group Structure Where found 
  Acidic Groups   
Carboxylic acid R-CO2H ~90% of all DOC 
Enolic hydrogen R-CH=CH-OH Aquatic humus 
Phenolic OH AR-OH Aquatic humus, phenols 
Quinone AR=O Aquatic humus, quinones 
 Neutral Groups  
Alcoholic OH R-CH2-OH Aquatic humus, sugars 
Ether R-CH2-O-CH2-R Aquatic humus 
Ketone R-C=O(-R) Aquatic humus, volatiles, keto-acids 
Aldehyde R-C=O(-H) Sugars 
Ester, lactone R-C=O(-OR) Aquatic humus, tannins, hydroxy acids 
 Basic Groups  
Amine R-CH2-NH2 Amino acids 
Amide R-C=O(-NH-R) Peptides 
   
where R is an aliphatic backbone, and Ar is an aromatic ring 
 
2.1.4 Characteristics of NOM 
NOM is classified into three major groups: humic substances (humic and fulvic acid), hydrophilic 
(or transphilic) acids, and simple hydrophilic compounds (Thurman, 1985). Krasner et al. (1996) 
demonstrated that the order of the aromaticity of NOM fractions was humic acid > fulvic acid > 
hydrophilic acids. This finding was consistent with the analysis of NOM fractions from three 
Australian surface waters using 13C nuclear magnetic resonance and size exclusion chromatography 
(Wong et al., 2002). 
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Humic substances are hydrophobic (i.e., have high molecular weight and aromaticity), are produced 
from degraded animal and plant tissues during biological and chemical processes, and contribute 
approximately one-third to one-half of the DOC in natural waters (Zularisam et al., 2006; Croue, 
1999; Thurman, 1985). The transphilic acids consist of complex polyelectrolytic acids and organic 
acids (volatile fatty acids and hydroxylic acids) (Leenheer, 1981). The hydrophilic compounds are 
typically simple organic compounds (carboxylic acids, amino acids, carbohydrates and hydrocarbons) 
and have either a charged or neutral surface (Drikas, 2003; Thurman, 1985).  
 
Humic substances and hydrophilic acids account for approximately 75-80% of the DOC of a natural 
river whilst simple organic compounds account for approximately 20-35%, this may vary with 
seasonal change (Drikas, 2003; Thurman, 1985).  
 
2.1.5 Effect of solution conditions on organic matter 
The conformation of organic matter molecules is an important factor in elucidating the phenomenon 
of membrane fouling as the solution conditions (e.g., DOC concentration, pH, ionic strength and 
presence of divalent cations) can affect their structure which may lead to adverse membrane 
performance (Li and Elimelech, 2004; Fan, 2002; Jones and O' Melia, 2000; Jucker and Clark, 1994). 
Hong and Elimelech (1997) summarised the effect of the chemical conditions on the conformation of 
NOM macromolecules in solution and on a membrane surface as shown in Table 2.2. 
 
Table 2.2 Effect of solution chemistry on the conformation of NOM macromolecules in solution and 
on a membrane surface (Hong and Elimelech et al., 1997). 
Chemical conditions NOM in 
solution 
NOM on membrane 
surface 
Membrane 
performance 
High pH, low ionic strength, or 
absence of divalent cations 
stretched, linear 
configuration 
loose, sparse, thin 
fouling layer 
small permeate 
flux decline 
Low pH, high ionic strength, or 
presence of divalent cations 
coiled, compact 
configuration 
compact dense, 
thick fouling layer 
severe permeate 
flux decline 
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2.1.6 Characterisation of organic matter 
It is important to understand the structural and chemical make-up of organic matter in wastewater, 
thus several techniques (e.g., 13C Nuclear Magnetic Resonance, Pyrolysis Gas Chromatography- 
Mass Spectroscopy, Size Exclusion Chromatography, Liquid Chromatography-Organic Carbon 
Detection, Fourier Transform Infrared Spectroscopy) have been employed to it. Some of the 
methods used in this study are described below. 
 
2.1.6.1 Organic carbon content measurement 
A carbon analyser is used to measure directly the organic carbon content of water samples. Total 
organic carbon (TOC) is the sum of the particulate and DOC, inorganic carbon is removed by 
acidification (Matilainen et al., 2011). DOC is widely defined as the organic carbon in the water 
sample after passing through a 0.45 µm filter (Danielsson, 1982). Methods for quantification of 
organic carbon in water all involve oxidation, and of these, UV/chemical (persulfate) oxidation 
appears to be the most successful for the determination of DOC concentration (Sharp, 1993).  
 
2.1.6.2 Ultraviolet/visible light (UV/vis) absorbance measurement 
UV/vis absorbance measurement is used to characterise NOM based on its ability to absorb UV (i.e., 
at 254 nm) or visible light (i.e., at 436 nm). This method is simpler and results can be obtained more 
quickly than organic carbon measurement. Absorption of light in the visible range is attributed to the 
functional groups with quinoid structures and keto-enol systems, whereas aromatic, carbonylic and 
carboxylic groups and their conjugates are more responsible for absorption in the UV-range (Abbt-
Braun and Frimmel, 1998). UVA254 is a potential surrogate measure for DOC despite its tendency to 
only represent the aromatic and conjugated character (Korshin et al., 2009). 
 
2.1.6.3 Specific ultraviolet absorbance (SUVA) 
UVA254 has been used to determine the humic content or aromaticity of NOM in terms of the SUVA. 
The SUVA value is an indication of the presence of unsaturated organic compounds, and is 
determined by the ratio of the absorbance measured at 254 nm to DOC concentration multiplied by 
100 (Korshin et al., 1997). This ratio effectively describes the nature of NOM in the water in terms 
of hydrophobicity and hydrophilicity. A SUVA value <3 indicates mainly hydrophilic material, 
35 
whilst a SUVA value >4 indicates mainly hydrophobic and especially aromatic material (Edzwald 
and Tobiason, 1999). Several researchers reported that a good agreement exists between a high 
SUVA value and the ability for NOM removal by coagulation (Bose and Reckhow, 2007; Archer 
and Singer, 2006).  
 
2.1.6.4 Fluorescence measurement 
The advantage of fluorescence spectroscopy is that its sensitivity is typically 10-1000 times that of 
UV absorption spectroscopy (Haven et al., 1995). Fluorescence is capable of discriminating between 
different sources of chromophoric dissolved organic matter that absorb at similar wavelengths 
(Stedmon and Markager, 2005b; McKnight et al., 2001). It requires little or no sample preparation 
and is a non-destructive technique (Hudson et al., 2007). Fluorescence is a more sensitive tool than 
UV/vis absorbance for tracing effluent organic matter in indirect potable reuse systems (Drewes et 
al., 2003).  
 
Fluorescence is measured in a single scan or 3D mode. Single scan mode operates as either a varying 
excitation wavelength with emission measured at a fixed wavelength, or a fixed excitation 
wavelength and emission measured at a varying wavelength. Fluorescence Emission Excitation 
Matrix (EEM) spectroscopy (3D mode) operates by varying both the excitation and emission 
wavelengths, providing a three dimensional topographical graph for the fluorescing compounds 
(Sierra et al., 2005; Zepp et al., 2004; Her et al., 2003), thus giving more information compared with 
the traditional single-scan technique (Spencer et al., 2007). Many methods have been developed to 
understand the fluorophore character and concentration which range from the basic 'Peak-picking' 
method as described by Coble (1996) to the use of more complex statistical techniques such as 
'Regional Integration' (Chen et al., 2003b), 'Parallel Factor Analysis' (PARAFAC) (Stedmon and Bro, 
2008), 'Analysis of Variance' (ANOVA) (Jaffe et al., 2004) and 'Partial Least Squares reRression' 
(PLS) (Vasel and Praet, 2002).  
 
For this study, the 'Regional Integration' method as described by Chen et al. (2003b) was chosen due 
to its simplicity in characterizing DOC into the five excitation-emission regions. Chen et al. (2003b) 
conducted a detailed EEM study of NOM fractions with model compounds, and classified the EEM 
peaks as shown in Figure 2.1. Regions I and II are associated with protein-like organic matter which 
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comprise aromatic amino acids. Region III is associated with fulvic acid-like compounds. Region IV 
is associated with soluble microbial by-product-like compounds, mainly proteins and 
polysaccharides. Region V is associated with humic acid-like compounds. These regional boundaries 
are well supported by other findings in the investigation of NOM fractions (Lee et al., 2006; Her et 
al., 2003) and algal organic matter (Her et al., 2004) in surface and synthetic waters, and in the  
characterization of dissolved organic matter (Wang et al., 2009a) and EPS in wastewater (Sheng and 
Yu, 2006). However, Hudson et al. (2007) found that humic and fulvic standards of the Suwannee 
River both exhibited fluorescence in Regions III and V. Hence, it is recognised that the fulvic acid-
like material is not found exclusively in Region III and, similarly, humic acid-like is not found 
exclusively in Region V; some fluorescence for fulvic acid-like material appears in Region V, and 
some fluorescence for humic acid-like material appears in Region III. 
 
 
Figure 2.1 Excitation and emission wavelength boundaries for natural organic matter  
(Chen et al., 2003b) 
 
The effects of inner filtering can affect the fluorescence analysis of dissolved organic matter, 
particularly in concentrated solutions (Baker and Spencer, 2004; Westerhoff et al., 2001). The 
optimum concentration for dissolved organic matter analysis in water to minimize the inner filtering 
effect ranged from 1 mg L-1 (Westerhoff et al., 2001; Huatala et al., 2000) to 15 mg L-1 (Yang and 
Zhang, 1995). Several researchers have recommended the dilution of highly concentrated solution 
(e.g., untreated sewage) to less than 10 mg L-1 prior to fluorescence analysis (Baker and Spencer, 
2004; Baker, 2002; Kalbitz and Geyer, 2001). This was to reduce the concentration of fluorophores 
in the sample, thus minimising the effects of inner filtering while maintaining the relative 
proportions in solution. 
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2.2 Cyanobacteria 
The objectives of this section of the literature review were to: 
− describe the characteristics of cyanobacteria; 
− discuss the factors affecting the growth of cyanobacteria; 
− describe the characteristics of Microcystis aeruginosa; 
− discuss the treatments and factors for effective removal of M. aeruginosa from natural water 
and wastewater. 
 
Algae constitute a polymorphous group of organisms ranging from single-cell forms to the giant 
marine kelps. They are practically everywhere and often cause taste and odour in drinking water due 
to the release of compounds either from the living or dead and decomposing cells (Palumbo et al., 
2002). An abundance of algae may remove elements and microelements (P, Ca, Mg, K, heavy 
metals), and decrease dissolved oxygen in the water causing fish to die (Palumbo et al., 2002). Some 
algal species which produce toxins can cause animal deaths (e.g. cattle, horses and pigs) and 
potential human health risks (Hawkins et al., 1985; Schwimmer and Schwimmer, 1968).  
 
Algae are classified into eight phyla (Phaeophyta (brown algae), Chlorophyta (green algae), 
Cyanophyta (blue-green algae or cyanobacteria), Chrysophyta (yellow-green or golden-brown algae), 
Pyrrhophyta (dinoflagellates), Euglenophyta, Cryptophyta (Cryptomonads) and Rhodophyta and of 
these, the cyanobacteria are of interest in this work.  
 
2.2.1 Cyanobacteria 
Cyanobacteria belong to the prokaryotes, which include bacteria, and can be regarded as simple in 
terms of their cell structure (WHO, 2004). Cyanobacteria can occur as single cells floating freely, 
whilst others assemble into groups as colonies or filaments within the water column (Whitton and 
Potts, 2000). Most of the undesirable effects associated with the presence of algae in water and 
wastewater (taste, odour, filter clogging, lack of oxygen and toxicity) are attributed to the presence 
of cyanobacteria as they can produce geosmin and 2-methylisoborneol (MIB) which give a typical 
musty-earthy taste to water (Kwon et al., 2005b; Palumbo et al., 2002). Some species of 
cyanobacteria produce floating films, and organic sulphur compounds which cause taste and odours 
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(Mallevialle and Suffet, 1987; Slater and Blok, 1983). In addition, some cyanobacteria release 
neurotoxins or hepatotoxins into the water which can poison aquatic fauna and animal. 
 
2.2.2 Factors affecting cyanobacterial growth 
In a water environment which is deficient of phosphorus (P) or nitrogen (N), cyanobacteria can out-
compete other phytoplankton organisms (Mur et al., 1999). They experience little or no competition 
from higher organisms (Kasting and Siefert, 2002), and can thrive in extreme environments such as 
anoxia, higher temperatures and UV exposure, and high levels of iron, methane and sulphide 
(Kasting and Siefert, 2002). Some of the factors associated with the growth of cyanobacteria are 
described below. 
 
2.2.2.1 Light 
Light is the primary energy source for cyanobacterial growth (Markou and Georgakakis, 2011). 
Growth rate increases with increasing light density up to the point of light saturation, at which 
maximum photosynthetic activity is achieved (Jensen and Knutsen, 1993; Agel et al., 1987). 
Cyanobacteria contain chlorophyll a which allows the capture of light in the green, yellow and 
orange part of the visible light spectrum (500-650 nm), thus enabling them to use light energy from 
across the spectrum efficiently. For example, in light-limiting conditions cyanobacterial growth rates 
are higher than for green algae, allowing them to out-compete green algae in highly turbid waters 
(Newcombe et al., 2010). 
 
2.2.2.2 Temperature 
The growth of cyanobacteria is highly dependent on temperature. It has been reported that they can 
grow at low temperatures and optimal growth rates are attained at temperatures of 15-25oC (Robart 
and Zohary, 1987). Yan et al. (2006) reported that algal populations and turbidity were found to be 
strongly dependent on temperature, as the increase of turbidity in summer and early autumn was 
attributed to algal blooms. 
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2.2.2.3 Nutrients 
Cyanobacterial blooms are generally associated with high nutrient concentrations (especially N and 
P) (Paerl, 2008). Potential sources of nutrients include human-related activities and natural inputs 
from catchments (e.g., sewage outfall, intensive agriculture activities resulting in possible run-off 
from untreated animal effluent) can provide a trigger for cyanobacterial growth and thus blooms   
(Newcombe et al., 2010).  
 
N (in terms of NO3-, NO2-, NH4+, N2) is an important nutrient for the production of algal biomass 
(Pauliot et al., 1989). When NH4+ is available, cyanobacteria do not utilize other N sources as the 
uptake of nitrate is light energy dependent and the reduction of nitrite consumes energy (Converti et 
al., 2006; Ohmori et al., 1977), thus indicating that the order in which cyanobacteria prefer to utilize 
N is NH4+ > NO3- or NO2- > N2.  
 
P is also an essential macro-nutrient for microalgal growth. In aquatic systems, organic P is 
hydrolyzed to PO43- by extracellular enzymes which is then utilized by microalgae (Corell, 1998). 
Cyanobacteria are capable of accumulating excess P as polyphosphate reserves (Grobbelaar, 2004; 
Oliver and Ganf, 2000). Several researchers have reported that the uptake rate of phosphate by 
cyanobacteria is faster in light than in dark conditions as the utilization of phosphate is energy 
dependent (Ritchie et al., 1997; Falkner et al., 1980; Rigby et al., 1980). 
 
Besides N and P, cyanobacteria require other macro- and micro-nutrients for their growth. The 
macro-nutrients include calcium (Piccioni and Mauzerall, 1976), magnesium (Utkilen, 1982), 
potassium (Reed et al., 1981) and sulphur (Travieso et al., 1993). The micro-nutrients include iron 
(Rigby et al., 1980), nickel (Campbell and Smith, 1986), copper (Verma and Singh, 1990), 
molybdenum (Reuter and Petersen, 1987), boron (Bonilla et al., 1990), manganese (Patrick et al., 
1969) and chloride (McSwain et al., 1976).  
 
2.2.2.4 pH 
Acidic pH conditions were found to have significant inhibitory effects on the growth of two 
cyanobacteria (M. aeruginosa and Anabaena spiroides) when acidification by gassing with carbon 
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dioxide was conducted during the logarithmic phase (Wang et al., 2011). They found that the growth 
of M. aeruginosa was inhibited significantly at pH 6.5 and cell death occurred at pH <6.0.  
 
2.2.3 Microcystis aeruginosa  
M. aeruginosa is a species of cyanobacteria of great interest which commonly occurs in water and 
wastewater treatment plants around the world (Henderson et al., 2008a; Vasconcelos and Pereira, 
2001; Oudra et al., 2001). The presence of M. aeruginosa interferes with the operation of water 
treatment plants as the small coccoid cells (2-8 µm diameter) form buoyant colonies, and the 
organism is known to release large quantities of mucous material to the outer surface of the cell 
(Costas et al., 2008; Baker, 1992), leading to high BOD5 and suspended solids loads (Davies, 1998) 
(Figure 2.2).  
 
 
Figure 2.2 Colonies of M. aeruginosa  
(http://micol.fcien.edu.uy/atlas/Cyanobacteria.htm) 
 
M. aeruginosa can produce a range of potent cyclic heptapeptide hepatotoxins known as 
microcystins (Vasconcelos, 1994; Carmichael, 1992). Microcystins can cause severe liver damage, 
and being protein phosphate inhibitors, are potent liver tumour promoters (Chorus and Bartram, 
1999). Ingestion of waters containing high concentrations of M. aeruginosa can cause abdominal 
stress in humans leading to precautionary beach closures, and can kill animals if they drink 
significant quantities (Falconer, 2002). M. aeruginosa blooms can float and form a blue-green 
surface scum near the surface of the water (WHO, 2003) (Figure 2.3).  
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Figure 2.3 M. aeruginosa bloom at West Catawba on Lake Erie 
(Tomlinson and Straw, 2009) 
 
Many researchers have highlighted issues with blooms during water treatment as follows: increased 
coagulant demand; pH shifts leading to difficulty in operation; disturbances to 
coagulation/flocculation; overloading of sedimentation tanks due to increased coagulant dose, 
leading to carry over of algae; filter penetration and clogging; and increased chlorine demand 
leading to potential THM formation (Hutson et al., 1987; Bernhardt, 1984; Greene and Hayes, 1981; 
Collingwood, 1979). Greene and Hayes (1981) reported that in the Anglia region of the UK, a 
cyanobacterial bloom of 400,000 cells mL-1 of Microcystis could not be treated, leading to the 
presence of algae in the final supply,  reducing the plant operation to a standstill for 8 weeks. 
Consequently, it is important to remove M. aeruginosa from water/wastewater, but its removal can 
be complicated due to the presence of algal, extracellular, surface-retained and intracellular organic 
matter that is associated with the growth of the cells. 
 
2.2.3.1 Algal organic matter (AOM) 
AOM, often referred to as algal-derived NOM, is released into the surrounding water during algal 
growth (Pivokonsky et al., 2006). AOM is largely hydrophilic (Henderson et al., 2008c), has a 
relatively high molecular weight of approximately 21 kDa (Her et al., 2004), and contains 
oligosaccharides, neutral and charged polysaccharides, proteins, peptides, lipids, nucleic and amino 
acids, glycolic acid, carbohydrate, organic phosphorus and traces of other organic acids (Kim et al., 
2010; Pivokonsky et al., 2006; Fogg, 1983); the polysaccharides can comprise up to 80-90% 
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(Myklestad, 1995). AOM can occur extracellularly via metabolic excretion, forming externally-
located organic matter, or intracellularly due to autolysis of cells, forming intracellular organic 
matter (IOM) which is often referred to as cellular organic matter (COM) (Takaara et al., 2007; 
Pivokonsky et al., 2006; Lee et al., 2006; Nguyen et al., 2005). The excreted externally-located 
organic matter can be categorised as extracellular organic matter and surface-retained organic matter 
(Takaara et al., 2010).  
 
2.2.3.2 Extracellular organic matter (EOM)  
EOM is biologically labile and contains amino acids, amino sugars and carbohydrates (Nguyen et al., 
2005). It has been reported that EOM can influence floc formation during coagulation (Sano et al., 
2011; Pivokonsky et al., 2006), interact with NOM (Lee et al., 2006; Paralkar and Edzwald, 1996), 
and metal cations (Takaara et al., 2007; Mehta and Gaur, 2005). Konno (1993) reported that the 
negative surface charge on sludge particles increased with the concentration of the algae and their 
EOM, and the sludge was found to be negatively charged in the logarithmic growth phase of the 
cyanobacteria. 
 
2.2.3.3 Surface-retained organic matter (SOM)  
Chemical coagulation is often used to remove algae. Literature on the involvement of SOM in 
coagulation inhibition is lacking because it has been technically difficult to separate the contribution 
of SOM to coagulation inhibition from that of EOM and IOM.  The lipopolysaccharides (LPS), 
which are a hydrophilic component of the cell wall of M. aeruginosa (Bertocchi et al., 1990), were 
shown to be strong inhibitors of coagulation using polyaluminium chloride (Takaara et al., 2010). As 
the toxic LPS are always present in cyanobacteria (Chorus and Bartram, 1999), LPS could be a 
potential issue of concern for exposure in recreational situations in addition to the other known 
toxins (Newcombe et al., 2010).  
 
2.2.3.4 Intracellular organic matter (IOM) 
M. aeruginosa produces offensive tastes and odours (e.g., 2-methyl isoborneol (2-MIB), geosmin), 
and microcystin throughout its lifespan, these significantly impair water quality (Kwon et al., 2005b; 
Falconer, 2002; Burch, 2002; Chow et al., 1999). These compounds are released during biological 
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cell decay or physicochemical cell destruction (Lam et al., 1995; Ando et al., 1992), which poses a 
problem for the operators of conventional water filtration plants for the production of recycled water 
(Falconer et al., 1989). Since they cause severe liver damage and appear to be liver tumour 
promoters (Nishiwaki-Matsushima et al., 1992), microcystins are of particular concern. Westhuizen 
and Eloff (1983) studied the effect of pH range from 6.5 to 10.5 on the toxicity of M. aeruginosa by 
controlled addition of carbon dioxide to the culture. They reported that maximum toxicity was found 
at the lower and upper ends of the pH range, which corresponded to the lowest growth rates. 
 
Microcystins are hydrophobic compounds, with a slightly negative net charge at pH 6-9 and a molar 
mass of 985-1024 Da (Campinas and Rosa, 2010; Teixeira and Rosa, 2006b). The World Health 
Organization (WHO) guideline for microcystins based on MC-LR in drinking water is set as 1 µg L-1 
(Chorus and Bartram, 1999). Microcystins produced by some M. aeruginosa strains are very 
chemically stable, persisting in surface waters for 2-3 months (Kiviranta et al., 1991) and degrade 
only following strong acid treatment (Botes et al., 1984). However, Berg et al. (1987) and Jones 
(1990) demonstrated that the microcystin released by lysing a M. aeruginosa bloom was almost 90% 
biodegraded after 3 weeks.  
 
Takaara et al. (2007) reported that IOM of M. aeruginosa reduced coagulation efficiency with 
polyaluminium chloride more than EOM, despite the DOC concentrations of the IOM being 10 
times lower than those of  EOM. This indicated that IOM contained a large proportion of proteins 
with high affinity for the coagulant, whereas EOM contained few cyanobacterial proteins. 
 
2.2.3.5 M. aeruginosa in wastewater treatment plants 
As noted in Section 1.1, frequent M. aeruginosa blooms occur in the lagoons of wastewater 
treatment plants with long residence times (often up to 30 days), elevated residual nutrients (e.g., N 
and P), and light and temperatures that are conducive to growth. Periodic large blooms frequently 
involve cyanobacteria and typically involve Microcystis aeruginosa (Vasconcelos and Pereira, 2001). 
M. aeruginosa is one of the common causes of hepatotoxicity and odour problems in Australian 
wastewater treatment plants (Bolch and Blackburn, 1996).  
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2.3 Membrane processes for wastewater treatment 
The objectives of this section of the literature review were to: 
− present the applications and limitations of microfiltration (MF) processes; 
− describe the phenomenon and mechanism of membrane fouling; 
− discuss the means of mitigating  membrane fouling; and 
− describe the approaches for membrane and foulant analysis. 
 
Membrane processes have been widely employed as an alternative to conventional separation 
technologies for wastewater treatment (Zhuo and Smith, 2001). They involve the passage of 
wastewater, usually from biological treatment, through a semi-permeable membrane, separating the 
retentate (e.g., particulate materials, pathogens, inorganic/organic matter, and some dissolved 
substances) from the permeate (Moon et al., 2010; Asano, 2007). Membrane processes are generally 
classified in terms of the membrane pore size, molecular weight cut-off (MWCO) and the applied 
driving forces (Hager, 2006). To date, the common types of pressure-driven processes are 
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO). The general 
characteristics of membranes are summarised in Table 2.3.  
 
Table 2.3 General characteristics of membranes (Stephenson et al., 2000) 
Membrane 
Operation 
Pore Size 
Range 
(Microns) 
Operating 
Pressure 
(kPa) 
Molecular 
Weight Cutoff 
Range (Da) 
Mechanism of 
Separation 
Driving 
Force 
Microfiltration 
(MF) 0.1-10 7-208 >100 000 Sieve 
Pressure 
or vacuum 
Ultrafiltration 
(UF) 0.01-0.1 21-551 >2000-100 000 Sieve Pressure 
Nanofiltration 
(NF) 0.001-0.01 482-1516 300-1000 
Sieve + Solution 
Diffusion + 
Exclusion 
Pressure 
Reverse Osmosis 
(RO) <0.001 5512-8268 100-200 
Solution/diffusion 
+ exclusion Pressure 
 
MF is commonly employed in water and wastewater treatment as a surrogate for depth and surface 
filtration (Asano, 2007), to remove colloidal particles, finely divided suspended solids (e.g., algae, 
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microorganisms including bacteria and cysts) and turbidity (Finlayson and Muntisov, 2000; Hillis, 
1997) to help protect the subsequent less permeable NF and RO membranes from fouling (Siddiqui 
et al., 2000).  
 
2.3.1 Types of Membrane 
Membrane performance is greatly affected by the physical and chemical properties of the membrane 
material. Organic polymers (e.g., polyvinylidene fluoride (PVDF), polypropylene, polysulfone, 
polyethersulfone, cellulose acetate) are the preferred commercial membrane materials and come in a 
range of configurations (i.e., flat sheet, spiral wound, hollow fibre, tubular) (Zularisam et al., 2006; 
Crittenden, 2005; Zhou and Smith, 2001). Several researchers have reported that PVDF membranes 
have excellent durability, high temperature and chemical tolerance, and biological resistance 
(Crittenden, 2005; Salimi and Yousefi, 2004; Benz and Euler, 2003). Furthermore, cleaning and 
disinfecting can be aggressive without degrading the membrane material.  
 
Inorganic materials (e.g., aluminium oxide, ceramic or silica-glass) have proven advantageous 
because of their excellent chemical resistance (thus allowing the use of strong oxidants such as O3 
for cleaning), uniform pore size distribution, higher temperature and pH stabilities, but they are more 
expensive and brittle than the organic materials (Zhou and Smith, 2001). 
 
2.3.2 Properties of membranes 
Hydrophilic membranes are generally less prone to fouling compared with hydrophobic membranes 
(Pasmore et al., 2001; Knoell et al., 1999). They have a strong affinity for water and remain wet, 
thus making it harder for hydrophobic particles to adhere on the membrane surface (Belfort, 1984). 
Several researchers reported that hydrophilic membranes require less operating pressure and flow 
over the membrane than hydrophobic membranes (Pilutti and Nemeth, 2002; Madsen, 1977). 
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2.3.3 Mechanisms for membrane fouling 
Hermia (1982) proposed four filtration mechanisms for dead-end filtration systems under constant 
pressure (Table 2.4) and these are commonly used to elucidate membrane fouling and flux decline. 
Bowen et al. (1995) observed that the sequence for fouling of MF membranes with bovine serum 
albumin (model for protein) under constant pressure followed Hermia’s filtration mechanisms well, 
and the steps for membrane fouling were as follows: (i) the initial approach of particles to the 
membrane, fouling the smaller pores; (ii) accumulation of particles follows and they plug the larger 
pores; (iii) accumulation of more particles, leading to particle superimposition; and (iv) formation of 
a cake layer on the membrane. Ye et al. (2005) conducted a similar MF experiment using sodium 
alginate (model for polysaccharides) and revealed that the standard blocking model (for initial period) 
followed by the cake filtration models was applicable in explaining the resultant flux decline. In 
addition, these filtration models were in good agreement with the study by Lee et al. (2008) who 
investigated the effects of NOM fouling on MF and UF under constant pressure. 
 
Table 2.4 Constant pressure filtration mechanisms (adapted from Hermia, 1982 and Bowen et al., 
1995) 
Mechanisms Description 
Standard blocking  
(direct adsorption) 
Deposition of particles smaller than the pore size on the inner 
pore walls, decreasing the pore size. 
Complete blocking  
(pore blocking) Sealing of pores by particles without particle superimposition 
Intermediate blocking  
(long-term adsorption) Sealing of pores by particles with particle superimposition 
Cake filtration  
(boundary later resistance) 
Deposition of particles larger than the pore size due to sieving, 
forming a cake on the membrane surface.  
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2.3.4 Membrane fouling by EfOM 
Owing to the heterogeneous nature of EfOM as noted in Section 2.1.1, EfOM has been considered 
by many researchers as the main foulant in biologically treated wastewater (Le-Clech et al., 2006; 
Singh, 2006; Wintgens et al., 2005; Shon et al., 2004; Jarusutthirak et al., 2002). To date, the impact 
of EfOM on membrane treatment is still unclear (Zhao et al., 2010; Shon et al., 2006). 
 
Several researchers have reported that the hydrophilic component (e.g., SMP, polysaccharides, 
amino sugars, proteins and protein-like matter) of EfOM was the main contributor of MF, UF and 
NF membrane fouling due to their larger molecular size, leading to severe flux decline (Fan et al., 
2008; Jarusutthirak et al., 2002). Jarusutthirak et al. (2002) also reported the transphilic and 
hydrophobic component of EfOM were of smaller molecular size, thus giving less flux decline and 
fouling than the hydrophilic components. Conversely, a different view was provided by Shon et al. 
(2006) who found that the hydrophobic component was of larger molecular size than the hydrophilic 
and transphilic fractions and was responsible for UF membrane fouling and flux decline.  
 
Nguyen et al. (2010) investigated  the fouling of  hydrophilic MF and UF membranes by EfOM and 
found the main membrane foulants were proteins, polysaccharides, protein- and polysaccharide-like 
materials, and humic substances. They concluded that for MF fouling the standard blocking 
mechanism was applicable during the initial period (30 mins), followed by the cake filtration 
mechanism, which was consistent with the study by Ye et al. (2005) as noted in Section 2.3.3, whilst 
the cake filtration mechanism was applicable throughout for UF fouling.  
 
Kim and Dempsey (2008) investigated the fouling effects of the particulate and dissolved 
components of EfOM on polyethersulfone UF membranes (100 kDa). They determined that the 
formation of a foulant cake layer on UF membrane followed a sequence of steps which includes: the 
initial accumulation of the particulate components on the membrane, then the removal of the 
dissolved components. They also found that UF of the dissolved components (<20 nm) alone 
increased the membrane fouling due to the absence of the protective cake layer. This was consistent 
with the study by Fan et al. (2008). 
 
NOM can be found in EfOM. Several researchers have found that the high aromaticity and high 
molecular weight fraction of the NOM were responsible for the severe flux decline for hydrophobic 
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MF and UF membranes (Fan et al., 2001; Cho et al., 2000). The membrane fouling order for NOM 
components of conventional treated water was polyhydroxy aromatics, proteins, polysaccharides and 
amino sugars (Speth et al., 1996). MF and NF membrane studies have shown that colloidal matter, 
low molecular weight proteins, high molecular weight polysaccharides and amino sugars, which 
compose the minority of NOM were responsible for irreversible fouling, whereas the highly 
aromatic hydrophobic acids were responsible for significant flux decline through reversible fouling 
(Kwon et al., 2005a; Fan et al., 2002). 
 
Many researchers have identified that the hydrophilic neutral fraction of NOM from surface waters 
can lead to severe membrane fouling (Lee et al., 2004; Carroll et al., 2000). Fan et al. (2001) 
reported that the fouling order for four fractionated components of NOM from surface waters on 
both hydrophobic and hydrophilic MF membranes was hydrophilic neutral > hydrophobic acids > 
transphilic acids > hydrophilic charged. Similarly, Gray et al. (2007) observed that hydrophilic 
fractions of NOM from surface water led to fast flux decline and the development of a cake layer 
over the membrane during MF, whilst a stable flux decline and no cake layer was developed for the 
hydrophobic fractions. This was also consistent with the study by Jarusutthirak et al. (2002) and Fan 
et al. (2008) on membrane fouling by EfOM components, as noted in the early part of this section. 
 
Kim et al. (2007) investigated the effects of TMP on NOM fouling of a tight MF membrane (0.025 
µm). They concluded that the rate of membrane fouling was dependent on TMP as severe membrane 
fouling occurred with higher TMP (>103 kPa) due to the narrowing of the pores caused by foulant 
deposition and compaction of the resultant NOM layer.  
 
2.3.5 Membrane fouling by algae  
As noted in Section 2.2.3, the structure of algae (cell type and size, AOM, EOM, SOM and IOM) is 
quite complex and changes during growth. In addition, the algae may respond directly or indirectly 
to treatment or to the surrounding water environment, causing difficulties in elucidating the 
membrane fouling phenomenon during filtration operations (Babel, 1999).  
 
Kwon et al. (2005b) studied the effect of M. aeruginosa in river water on fouling of UF membranes 
and found that the combined effect of cells and NOM had a larger effect on flux decline than NOM 
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or the cells alone. Babel and Takizawa (2010) investigated the effect of TMP on Chorella cell 
deposition using hydrophilic PVDF MF membranes operating in dead end mode. They reported that 
the resultant cake layer on the membrane was compressible as no further increase in the cake 
resistance was observed beyond a TMP of 30 kPa. 
 
The AOM from cyanobacteria and green algae (cultured in nutrient medium and natural waters) 
were found to contain a wide range of compounds as noted in Section 2.2.3.1, of which 
polysaccharides and protein-like organic matter were reported as the major foulants for MF, UF and 
NF membranes (Lee et al., 2006; Her et al., 2004). Campinas and Rosa (2010) investigated the 
fouling of hydrophilic UF membrane at different growth stages of M. aeruginosa (1-4 months old) in 
a nutrient medium. They found that the protein-rich AOM for the three month old M. aeruginosa 
sample exhibited a lower fouling effect than a one month old polysaccharide-rich AOM sample. 
They also concluded that UF membrane fouling was mainly attributed to the types of organics 
produced by the M. aeruginosa and not to the overall concentration of organics and salt. This was 
consistent with the study by Her et al. (2004) who reported that the type of AOM for cyanobacteria 
in lake water was mainly responsible for NF membrane fouling, rather than the DOC concentration. 
 
Henderson et al. (2008b) reported that the EOM concentration of both cyanobacteria (Synechocystis 
and Pseudanabaena) and green algae (Scenedesmus and Chlorella) increased as they grew. 
Morineau-Thomas et al. (2002) observed that the EOM bonded Chorella cells together and created a 
more compact cake layer over the membrane, leading to UF flux reduction. These findings suggested 
that filtration of an algal culture at a later stage of growth could lead to more severe membrane 
fouling due to the increase in EOM concentration than an algal culture at an early stage of growth 
(Babel and Takizawa, 2010). 
 
The SMP (containing polysaccharides and/or protein-like substances) from algae in surface waters 
were of high hydrophilicity (Park et al., 2006), and exhibited higher molecular weight and 
biodegradability than other organic matter (Schiener et al., 1998; Parkin and McCarty, 1981), which 
may negatively impact membrane processes (Fonseca et al., 2007; Babel and Takizawa, 2000; 
Nagaoka et al., 2000).  
Fonseca et al. (2007) investigated the influence of EPS of Pseudomonas aeruginosa in synthetic and 
natural waters on NF flux decline and concluded that flux decline was largely related to the 
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concentration of EPS that was deposited on the membrane. Similar findings were obtained by 
Herzberg et al. (2009) who reported that the EPS of P. aeruginosa in a synthetic wastewater 
developed a foulant layer on the RO membrane as well as reduced the permeate flux due to the 
increased hydraulic resistance. In addition, solution and surface foulant analysis revealed that the 
polysaccharides of EPS were more effectively removed by the RO membrane than the proteins. 
 
As noted in Section 2.2.3.4, microcystins are relatively hydrophobic compounds and have a molar 
mass of 985-1024 Da. Several researchers reported effective removal of microcystins (53-78%) in 
nutrient medium and surface waters, possibly through adsorption to hydrophobic polyethersulphone 
(Lee and Walker, 2006; Gijsbertsen-Abrahamse et al., 2006), and polysulphone membranes, 
particularly in cross-flow configuration (Chow et al., 1997). Interestingly, in contrast to the 
foregoing results, Campinas and Rosa (2010) showed that the adsorption of microcystins could also 
occur on hydrophilic UF membrane (100 kDa) as long as AOM was present in the feed sample along 
with microcystins.  
 
The majority of studies have been focused on the removal of cyanobacteria or algae from surface 
and synthetic waters, and nutrient medium using membrane filtration and this was consistent with 
the recent review by Henderson et al. (2008b). To date, the majority of the studies on the removal of 
algae from wastewater effluent were focused on laboratory-scale sand and gravity filtration (Esen et 
al., 1991; Naghavi and Malone, 1986; Foess and Borchardt, 1969; Golueke and Oswald, 1965; 
Borchardt and O' Melia, 1961). There is a lack of experimental and full-scale studies for the removal 
of cyanobacteria from biologically treated waste effluent via membrane filtration (Newcombe et al., 
2010; Kothandaraman and Evans, 1972). 
 
2.3.6 Pre-treatment strategies to minimise membrane fouling 
As noted in Section 2.1, fluctuations in the quality of secondary treated effluent are constantly 
observed, especially during an algal bloom. More than 95% of the cell metabolites (e.g., toxin, taste 
and odour compounds) are contained within healthy M. aeruginosa cells and so high cell numbers 
can result in potentially very high total algal metabolite concentrations on lysis (Newcombe et al., 
2010). The most effective barrier to high total algal metabolite concentrations entering the water 
treatment plant is to remove the healthy cells, preferably during the initial growth stages (Henderson 
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et al., 2008b), and so minimise contact with treatment chemicals or harsh mechanical instruments 
(Yoo et al., 1995). Depending on the concentration and foulant types in the secondary treated 
effluent, different types of pre-treatment (e.g., pre-oxidation, coagulation/flocculation, membrane 
filtration, sedimentation, dissolved air flotation, and adsorption on active carbon) could be used to 
treat the effluent. Some of the common methods are described below. 
 
2.3.6.1 Chemical coagulation 
Chemical coagulation is widely used as a pre-treatment to reduce membrane fouling caused by 
colloidal material and NOM during MF (Sakol and Konieczny, 2003; Carroll et al., 2000; Wiesner 
and Aptel, 1996) and was reported to be one of the best methods for algal removal (Al-Layla and 
Middlebrooks, 1975; Golueke and Oswald, 1965). Alum treatment has the effect of reducing cake 
resistance in MF under constant pressure for NOM (Pikkarainen et al., 2004) and algal removal 
(Babel and Takizawa, 2000). The typical alum dose for coagulation/flocculation in wastewater 
treatment ranges between 1 and 5 mg Al3+ L-1 (Bratby, 2006). As noted in Section 1.1, ACH could 
be more advantageous than alum. However, it is observed that ACH is scarcely used in wastewater 
treatment, especially during an algal bloom. 
 
Nguyen et al. (2010) showed that the cake filtration mechanism was applicable throughout after 
alum and ACH treatment in wastewater to elucidate both MF and UF flux decline. They found that 
higher MF flux improvement was achieved for alum than for ACH, while similar performance was 
observed in UF. They also determined that reduction in irreversible fouling was greater for 
coagulation followed by MF than by UF. 
 
Pietsch et al. (2002) reported higher cell lysis by flocculation of M. aeruginosa from reservoir water 
in the stationary-growth phase than with cells in the exponential growth phase using ferric chloride 
sulphate and aluminium sulphate. However, Chow et al. (1999) reported that alum at concentrations 
used in water treatment practice did not cause lysis of BG-11 (nutrient medium) cultured M. 
aeruginosa cells (late exponential growth phase) or increase the amount of dissolved microcystin-LR 
(MC-LR) in reservoir water.  
Some environmental factors such as pH and temperature seem to affect algal removal by chemical 
coagulation as well as the production of microcystins (Ame and Wunderlin, 2005; Wicks and Thiel, 
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1990). Teixeira and Rosa (2006b) reported that changing the pH from 7.7 to 5.6 had a negative 
influence on M. aeruginosa cells and the stability of cell aggregates in both tap and natural waters, 
causing the release of microcystins. This is consistent with the report by Velzeboer et al. (1995) 
when using aluminium sulphate as coagulant under acidic conditions. These findings revealed that 
coagulation under acidic conditions can lead to potential cell damage resulting in toxin release.  
 
Folkman and Wachs (1973) investigated the removal of Scenedesmus, Chorella and a Chorella-
Euglena mixture by magnesium chloride and lime treatment. They noted that 95% removal of 
turbidity was achieved by flocculation with magnesium hydroxide at pH 10.5-11.0. Similarly, 
Henderson et al. (2010) demonstrated that better performance (>94%) in terms of overall algal 
species removal (M. aeruginosa, Chorella vulgaris, Asterionella formosa and Melosira sp.) was 
achieved with aluminium sulphate  in reservoir water at pH 7 than pH 5. This was attributed to the 
enmeshment and sweep flocculation mechanism where the presence of the negatively charged 
aluminate ion (Al(OH)4-) and amorphous Al(OH)3 precipitate in the system was significantly higher 
than the dissolved cationic hydrolysis products at higher pH, leading to surface complexation and 
adsorption of negatively charged AOM and cells to amorphous precipitates (Gao et al., 2010b; Duan 
and Gregory, 2003). Higher removal of colour and colloidal matter from raw water was also 
observed at pH 5.8-7.5 due to sweep flocculation mechanism, than at pH <5 (Gebbie, 2005a).  
 
Al-Layla and Middlebrooks (1975) studied the effect of temperature on algal removal from 
wastewater stabilization ponds by alum coagulation and reported that higher temperatures adversely 
affected the efficiency of the process. Effective removal of algae (>75%) was achieved at 10-25oC 
for all levels of alum dosages.  
 
2.3.6.2 Enhanced coagulation 
Enhanced coagulation has been identified as the best technology to maximise TOC removal by 
increasing the dosage of the coagulant or by adjustment of pH, as a means to reduce DBP precursors 
(USEPA, 1998; Crozes et al., 1995). Several researchers have reported that enhanced coagulation is 
comparable with optimised coagulation in drinking water treatment (Exall and Vanloon, 2000; Volk 
et al., 2000; Edzwald and Tobiason, 1999). Another benefit of enhanced coagulation is that the 
residual dissolved metal concentrations for metal salt coagulants at high dosage is lower than at low 
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dosage (Yan et al., 2006). It has been reported that enhanced coagulation (13 mg L-1 and 20 mg L-1 
as coagulant) with aluminium chloride was effective for removing algae (>96% cell removal) from 
river water when the algal cell count density was <1.0 x 106 and >10 x 106 cells L-1, respectively 
(Shen et al., 2011). 
 
2.3.6.3 Induced and dissolved air flotation 
Davies (1998) investigated the use of induced air flotation (IAF) for mitigating membrane fouling in 
wastewater. They found that the treated effluent after IAF was highly turbid and concluded that IAF 
was not suitable for treating wastewater. 
 
Common algal species are relatively small (<10 µm in diameter) and possesses a net negative charge. 
Thus coagulation and flocculation processes are required prior to DAF treatment to alter the size and 
charge of the algal cells. DAF treatment uses microscopic bubbles which collide and attach to the 
effluent particles, particularly for algal species with gas vacuoles such as cyanobacteria (Newcombe 
et al., 2010), floating them to the surface where they are removed. Successful flotation is dependent 
upon the effluent particles having a minimum particle diameter of approximately 10-30 µm 
(Edzwald, 1995) and a surface charge that approaches neutral (i.e., equal to a zeta potential of 
approximately -10 mV to +5 mV) (Henderson et al., 2008d; Han et al., 2001), to ensure effective 
particle-bubble collision and attachment efficiencies. Teixeira and Rosa (2007; 2006a) showed that 
the use of DAF after coagulation gave high M. aeruginosa cell removal in both tap and reservoir 
water and no release of toxin was observed. Conversely, a good understanding of individual water 
characteristics (e.g., treatment lagoon) is required to establish the appropriateness of DAF for 
wastewater treatment (Davies, 1998). 
 
2.3.6.4 Membrane pre-filtration 
Membrane pre-treatments to remove colloids and high molecular weight NOM have been studied 
extensively. Kumar et al. (2006) investigated a variety of pre-treatments to prevent RO membrane 
fouling of seawater and determined that MF (0.1 µm) was more effective than conventional 
coagulation/filtration. Similar findings using MF and UF membrane of 100 kDa cut off were 
reported by Bolto et al. (2008). 
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Although MF and UF membranes cannot completely remove the dissolved algal metabolites released 
from damaged cells, they may be expected to effectively remove cyanobacterial cells by 
concentrating the healthy algal cells on the membrane surface (Newcombe et al., 2010). The extent 
of damage to the cells is reliant on the flux through the membranes, pressure and the time period 
between backwashes (Chow et al., 1997). Castaing et al. (2010) investigated MF and UF for 
seawater pre-treatment for the total removal of toxic dinoflagellates (Heterocapsa triquetra). They 
found that the best results (i.e., highest permeate flux) were achieved with microfiltration (0.2 µm) 
with more than 99%, 87% and 98% removal of the H. triquetra, total suspended solids (TSS), and 
turbidity, respectively. They also observed that fouling was mainly due to cake formation.  
 
2.3.7 Membrane cleaning 
The selection of cleaning agents and conditions depends not only on the characteristics of the 
deposited foulants, but also on the membrane material, the module and the rest of the equipment in 
the treatment train (Tragardh, 1989). Hydraulic, air scouring, thermal and/or chemical cleaning is 
commonly employed by industry to tackle membrane fouling. Membrane fouling is generally not 
totally reversible by the hydraulic backwash procedure (Li et al., 2008). Zularisam et al. (2006) 
reported that the efficiency of the backwash technique is dependent on the nature of the fouling 
mechanism and is only suitable for removing a weakly adhered cake layer.  
 
For irreversible fouling, the use of chemical agents is favoured. The most commonly used chemical 
agents consist of acids, enzymes, alkalis, surface-active agents, formulated agents and disinfecting 
agents (Tragardh, 1989). Liang et al. (2008) investigated the cleaning of UF membrane after 
filtration of reservoir water containing algae. They found that citric acid is effective for removing 
inorganic fouling; oxidants such as NaOCl are efficient for destroying the gel structure formed by 
the EPS from live algal and bacterial cells; NaOH is able to remove NOM fouling; and hydraulic 
cleaning is capable of removing particulates and colloids. Backwashing is more effective than 
forward flushing (Liang et al., 2008; Chen et al., 2003a). The application of chemical cleaning 
agents (NaOCl, NaOH, HCl and HNO3) has been proven to completely recover initial membrane 
permeability (Zularisam et al., 2006), but these procedures are expensive, can cause severe 
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membrane damage, chemical contamination and may produce toxic by-products (Liang et al., 2008; 
Soung et al., 2002; Maartens et al., 1998).  
 
The cleaning efficiency is generally determined by measuring the degree of water flux recovery after 
cleaning under pre-defined operating conditions. The analysis of the foulant in cleaning solution can 
be used to measure the cleaning efficiency (Argüello et al., 2003). It has also been reported that the 
efficiency of cleaning can be characterised by streaming potential and combined fluxes, energy 
dispersive X-ray spectrometry, attenuated total reflection Fourier transform infrared (ATR-FTIR) 
spectroscopy and atomic force microscopy (Arkhangelsky et al., 2007; Nghiem and Schafer, 2006; 
Nystrom and Zhu, 1997). 
 
2.3.8 Methods of membrane characterisation 
Several techniques (contact angle, streaming potential, atomic force microscopy, scanning electron 
microscopy, X-ray photoelectron spectroscopy, ATR-FTIR) are employed to characterise 
membranes and to evaluate membrane fouling. Some of the common methods are described below: 
 
2.3.8.1 Scanning electron microscopy (SEM) 
SEM provides images of the sample surface by scanning it with a high-energy beam of electrons. 
They work on the basis where the electrons interact with the atoms of the sample, thus signals are 
produced that contain information about the sample's surface composition, topography and other 
properties such as electrical conductivity (AWWA, 1998). 
 
SEM coupled with Energy-Dispersive X-ray analysis (SEM-EDX) provides information on the 
elemental group and allows semi-quantitative analysis of the elemental composition of the sample 
surface (Nghiem and Schafer, 2006). It works on the basis that the electron beam interacts with the 
atoms in the sample, causing inner electron shell transitions, thus emitting X-rays which are 
collected and analysed by the EDX analyser (Willis et al., 2002).  
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2.3.8.2 Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy 
ATR-FTIR provides a detailed chemical analysis of clean and fouled membrane surfaces. Samples 
subjected to infrared light absorb energy corresponding to the vibrational energy of atomic bonds. 
Although the FTIR method is not yet developed for quantification of fouling, Pihlajamaki et al. 
(1998) suggested that it is a very useful tool in analysing membrane material and foulant variations, 
and surface porosity. Similarly, ATR-FTIR can be used to characterise the resultant organic foulants 
from wastewater on hydraulically cleaned membrane (Fan et al., 2001). Some of the common 
spectral bands associated with algal and organic matter are shown in Table 2.5.  
 
Table 2.5 Characteristics of FTIR spectra of algal cell surfaces and AOM (Adapted from Her et al., 
2004; Lee et al., 2006; Hung and Liu, 2006 and Rodriques and Núñez, 2009). 
Associated Group Bands (cm-1) 
O-H alcohol 3430 
N-H 3300 
Aliphatic-CH2 asymmetrical stretching 2930 
Aliphatic-CH2 symmetrical stretching 2850 
C(=O)OH 1720 
Amide I, primary peptide carbonyls, C=O 1650 
Amide II, C-N-H 1515-1570 
CH3, aminosugars 1318 
C-O, carboxylic 1250 
Polysaccharide-like 1000-1150 
 
 
 
 
 
 
 
 
57 
2.4 Summary 
EfOM is present at high levels, and has been identified as the most important foulant, in biologically 
treated wastewater. EfOM is composed of complex and heterogeneous compounds such as NOM, 
SOC, SMP and occurs in the presence of inorganic foulants (e.g., silicon, alumina, iron, calcium, 
manganese). Hence, the treatment of an algal bloom in wastewater could be more complicated than 
in surface waters due to the higher concentration and greater complexity of EfOM compared with 
NOM.  
 
M. aeruginosa is one of the common causes of hepatotoxicity and odour problems in Australian 
wastewater treatment plants. The presence of M. aeruginosa can impact severely on the performance 
of MF or UF units used in the recycling of wastewater, for example when used upstream of reverse 
osmosis units used in the desalination of treated effluent. MF or UF are used to remove organics to 
upgrade the biologically treated effluent for reuse directly, or ready for RO and then reuse. However, 
the presence of algal matter (e.g., cells, AOM) complicates the MF or UF process, and so must be 
investigated as to how best to deal with it and so maintain good MF or UF performance. 
 
It is preferable that M. aeruginosa cells be removed intact during the earlier growth stages so that the 
majority of the metabolites (e.g., microcystins) are retained internally, to ensure minimal impact on 
subsequent treatment processes. It was found that the growth of M. aeruginosa was inhibited 
significantly at pH 6.5 and death occurred at pH < 6.0. Therefore, chemical stresses such as acid on 
M. aeruginosa should be avoided as they can have an adverse effect on the cell integrity and may 
lead to cell lysis. 
 
Treatments such as coagulation/flocculation, enhanced coagulation, dissolved air flotation, filtration 
are effective for algal removal from surface waters. For coagulation and enhanced coagulation, the 
combination of high pH and coagulant dosage achieved effective algal removal through the 
mechanism of enmeshment and sweep flocculation. Moreover, the residual dissolved metal 
concentration for metal salt coagulants at high coagulant dosage is lower than at low dosage.  
 
MF and UF are commonly used in recycling biologically treated wastewater. Although UF is able to 
remove microorganisms very effectively it was found to release cell-bound microcystin into the 
permeate due to shear from the filtration process, and so MF is preferred where M. aeruginosa 
58 
blooms may occur. Hydrophilic PVDF MF membrane was selected for this study as hydrophilic 
membranes are less prone to adsorptive fouling than hydrophobic membranes; PVDF membranes 
have an excellent durability, chemical and temperature tolerance, and biological resistance. 
 
The majority of studies were conducted by spiking algae which had been grown in nutrient medium 
into reservoir, lake, drinking or synthetic waters. In addition, experiments were conducted during the 
stationary or exponential phase of the algal growth cycle. This spiking process does not fully account 
for the interaction of the algae with the surrounding water (e.g., excretion of EOM, interaction with 
EfOM) during their growth cycle. Moreover, there is a lack of literature on the pre-treatment of M. 
aeruginosa grown in biologically treated effluent for mitigating the impact of membrane fouling at 
different stages of the algal growth cycle.  
 
The specific areas of interest for this project were to characterise the growth of M. aeruginosa and 
the associated organic carbon changes in a biologically treated effluent; to identify the impact of M. 
aeruginosa during its growth cycle on MF performance; to evaluate effects of pre-treatments 
(chemical coagulation, DAF and pre-filtration) in minimising membrane fouling and promoting 
membrane recovery via hydraulic cleaning; to compare the use of Al-based coagulants at similar 
concentration (based on Al3+) on MF performance; and to evaluate the impact of high coagulant 
dosing on MF performance in the treatment of a biologically treated effluent containing M. 
aeruginosa.  
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CHAPTER 3 MATERIALS AND METHODS 
 
3.1 Source of raw water  
Western Treatment Plant (WTP), Victoria, Australia, occupies about 10500 hectares of land and 
treats approximately 60% of Melbourne’s sewage using a combined activated sludge-lagoon process. 
The sewage first passes through anaerobic ponds and then activated sludge ponds with anoxic and 
aeration zones. The effluent is clarified, passed through a series of lagoons (residence time often up 
to 30 days) and then held in the holding pond referred as Head of Road Storage (HORS) before 
release as Class A (with disinfection) or Class C (without disinfection) recycled water (Appendix A). 
The treated effluent used in this study was collected from the head of the road storage pond (Figure 
3.1) and was stored at 4 oC prior to use. The treated effluent is hereby referred to as HORS. HORS 
was collected at the same time of the day for the samples in January 2009, May 2009, September 
2009 and May 2010, and was used for testing and culturing of M. aeruginosa used in experiments in 
Chapters 4, 5, 6 and 7, respectively.  
 
 
Figure 3.1 Aerial view of the Western Treatment Plant. 
25 West 
Lagoons 
55 East 
Lagoons 
Port Phillip Bay 
Head of the 
Road Storage 
Pond 
Old Lagoons 
115 East 
Lagoons 
60 
Due to periodic fluctuations in volume and content of the sewage inflow, operational aspects and the 
rainfall, the general characteristics of WTP HORS may vary (Table 3.1). The specific characteristics 
of the HORS samples used in this study is provided in Chapters 4, 5, 6 and 7, respectively.  
 
Table 3.1 General characteristics of the WTP HORS used in this study. 
Parameters Values 
pH 8.1 ± 0.1 
Conductivity (µS cm-1) 1903 ± 130 
Turbidity (NTU) 3.3 ± 0.9 
DOC (mg L-1) 8.62 ± 1.97 
UVA254 (cm-1) 0.23 ± 0.04 
SUVA (L m-1 mg-1) 2.80 ± 1.06 
Chl-a (µg L-1) 10 ± 2 
Algae (cells mL-1) (x 104) 6.5 ± 1.6 
 
3.2 Milli-Q water 
High purity water, referred to as Milli-Q water, was generated in the lab using a research-grade 
water system (Millipore, Gradient A10). The DOC and resistivity of this water are < 0.05 mgL-1 and 
18.2 MΩcm-1, respectively. 
 
3.3 Cultivation of M. aeruginosa 
M. aeruginosa (CS 566/01-A01) was obtained from CSIRO Microalgae Research Centre (Tasmania, 
Australia) and was maintained in MLA nutrient medium (Appendix B) at 22oC under humidified 
aeration (0.45 µm filtered) with 16/8 h light/dark cycle in a LABEC algal incubator.  
 
3.4 Cultivation of M. aeruginosa in treated effluent 
The treated effluent was used as collected from WTP as the aim of this project was to simulate the 
conditions of the lagoon and understand the interaction of M. aeruginosa with the actual components 
in the treated effluent. M. aeruginosa was inoculated into the treated effluent and the 
cyanobacterium was grown at 20oC under humidified aeration (0.45 µm filtered) with 16/8 h 
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light/dark cycle in a water-jacketed enclosed tank (Figure 3.2), to produce algae at various phases of 
the growth cycle. The interior walls of the tank were gently scrubbed occasionally using a brush to 
redistribute the algae. To ensure that M. aeruginosa remained the dominant species in the treated 
effluent, extended preliminary growth trials under these conditions were conducted prior to the 
actual experimental runs. Microscopic observation for each experiment consistently showed that M. 
aeruginosa outgrew the rest of the other species and remained dominant throughout the algal growth 
cycle. This observation was consistent with that of Bolch and Blackburn (1996) and Vasconcelos 
and Pereira (2001), who reported that M. aeruginosa was the dominant species during an algal 
bloom in the wastewater treatment plants. 
 
 
Figure 3.2 The incubator for M. aeruginosa cultivation in treated effluent. 
 
3.5 Analytical methods 
3.5.1 pH and conductivity 
A Hach Sension 156 pH/conductivity meter was used for pH and conductivity measurements. The 
instrument was calibrated using Hach pH and conductivity standards before each use. Samples were 
measured in triplicate and the results were averaged. 
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3.5.2 Dissolved organic carbon (DOC) 
The sample was filtered through a 0.45 µm membrane (Advantec, C045A047A) and the dissolved 
organic carbon (DOC) concentration was measured using a Sievers 5310C (GE, Boulder, Co.) total 
organic carbon (TOC) analyser which was equipped with a Sievers 900 autosampler system. 
Calibration was conducted using Sievers 25 mg C L-1 calibration standard set (CSTD 90004-01) 
prior to analysis. The data was then processed using DataPro 5310C TOC software (version 01.24, 
rev. 002). Samples were measured in triplicate and the results were averaged. 
 
3.5.3 Absorbance 
A scanning spectrophotometer (Unicam, UV2) with cuvette of 1 cm path length was used for all 
spectrophotometric analyses. Samples were measured in triplicates and the results were averaged. 
 
3.5.4 Specific ultraviolet absorbance (SUVA) 
The SUVA value is an indication of the presence of unsaturated organic compounds, and was 
determined by the ratio of the absorbance measured at 254 nm to DOC concentration: 
 
100254 ×=
DOC
UVASUVA  Equation (3.1) 
 
3.5.5 Turbidity 
Turbidity was measured using a Hach 2100P turbidimeter which was calibrated using Hach turbidity 
standards before each use. Samples were measured in triplicate and the results were averaged. 
3.5.6 Cell concentration of M. aeruginosa 
A 0.1 mm deep hemocytometer (Bright-Line TM, Warner-Lambert Technologies, Inc.) was used to 
determine the cell density of M. aeruginosa cultures. The algal cell concentration was calculated 
according to the method of Hansen (2000) (Appendix C). The error for cell concentration was 5-8%. 
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3.5.7 Chlorophyll a (Chl-a) concentration 
Chlorophyll a (Chl-a) concentration was used as an indication of algal cell concentration. For Chl-a 
analysis, samples were filtered (1 µm, Whatman, GF/B), the filter was placed in a sterile 50 mL 
Eppendorf centrifuge tube (aluminium foil-wrapped) and the chlorophyll was extracted into 20 mL 
acetone (90%) overnight at 4oC. The solvent solution was then warmed to 20oC and filtered with a 
glass fiber membrane (0.45 µm, Advantec, GC-50) to remove suspended matter. The absorbance of 
the extract was measured at 630, 645 and 663 nm using a UV/vis spectrophotometer (UV2, Unicam) 
with a 1 cm sample cell. The absorbance was also measured at 750 nm to determine if turbidity 
correction was required. The Chl-a concentration was calculated according to USEPA (1991) as 
shown in Equation 3.2. Samples were analysed in triplicate and the results were averaged. 
 
aChl − (µg L-1) )(
)()](10.0)(16.2)(64.11[ 630645663
LV
FEAbsAbsAbs +−
=  Equation (3.2) 
 
Where  F = dilution factor 
 E = volume of acetone used for extraction (mL) 
 V = volume of water filtered (L) 
 L = cell path length (cm) 
 
The relationship between cell count and Chl-a concentration was found to be linear (R2 = 0.988) up 
to a cell concentration of 2.5 x 107 cells mL-1 (Appendix D): 
 
Cell Count [cells mL-1] = 6848 Chl-a [µg L-1]     Equation (3.3) 
 
3.5.8 Zeta Potential  
Zeta potential is the measurement of the net charge of the particles and is measured by 
electrophoresis. The technique measures the displacement of particles when subjected to an 
electrical field  in a polar medium. The zeta potential measurements were obtained using a Malvern 
ZetaSizer 2000 which measures the electrophoretic mobility and converts this to zeta potential. Five 
measurements were taken and the results were averaged. 
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3.5.9 Aluminium (Al3+) Concentration 
Al3+ concentration was determined using inductively coupled plasma mass spectroscopy (ICP-MS) 
(HP4500, Series 300) running on ICP-MS ChemStation software version A.01.02. The methods for 
sample preparation were as described in Method 3125 B (APHA, 1998). The ICP-MS was calibrated 
before each use by running a blank and samples of known concentrations. Single sample 
measurements were taken. 
 
3.5.10 Particle size distribution 
For determination of the particle size distribution in suspensions a particle sizer (Malvern, 
Mastersizer X) was used. Samples were added to the measurement cell with stirring until an 
obscuration of 10-20% was reached. Results were processed using Mastersizer X long bed software, 
version 2.19. Single sample measurements were taken. 
 
3.5.11 Fluorescent excitation emission matrix (EEM) spectroscopy 
EEM analysis was conducted using a fluorescence spectrophotometer (PerkinElmer, LS 55) and 
Perkin Elmer WinLab version 4.00.03 software. Samples were adjusted to the same DOC 
concentration (5 mg L-1) with Milli-Q water prior to EEM analysis unless stated otherwise. 
Excitation range was 250-550 nm and emission range was 220-450 nm, at increments of 5 nm. 
Samples were filtered (0.45 µm) prior to analysis to remove interference by suspended matter and 
the suite of samples for an experiment were measured at room temperature (20 ± 2 oC) at the same 
time for Chapter 4, 5, 6 and 7, respectively.  
 
3.6 Separation of algal cells and algal organic matter (AOM) 
Centrifugation (Sorvall Instruments RC5C) was used to separate the algal cells and AOM at 10,000 
g for 10 min. The algal cells were inspected (Zeiss Axiovert 25 inverting light microscope) 
immediately after centrifugation to ensure that they were intact. AOM therefore comprised mainly 
extracellular organic matter (EOM) rather than cellular organic matter (COM) that may have been 
present, and also loosely bound organic matter, which may have been dislodged via centrifugation. 
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3.7 Pre-treatments for microfiltration 
Chemical coagulation, dissolved air flotation (DAF) and filtration (1.5 µm) were investigated as pre-
treatment for microfiltration. 
 
3.7.1 Chemical coagulation 
Alum, Al2(SO4)3.16H2O (MW = 630.38) and aluminium chlorohydrate (ACH), Al2(OH)5Cl (MW = 
174.5) were used in this work. For the former, a stock solution (1000 mg Al3+ L-1) was prepared 
from alum (Fluka, Sigma-Aldrich) in the laboratory. For the latter, the product (Megapac 23, Omega) 
contains 40.2% w/w ACH with a basicity of 82%, and was used directly.  
 
Coagulation was conducted at room temperature (20 ± 2 oC) in a laboratory jar tester unit (Phipps 
and Bird, PB-700). Samples (2 L) were subjected to rapid mixing for 1 min at 200 rpm, followed by 
slow mixing for 20 min at 30 rpm. pH adjustment was not implemented and coagulation of the 
effluent water was conducted at close to actual conditions (pH: 7-9) to simulate actual water 
treatment practice and to prevent any potential impact on  M. aeruginosa cell integrity. 
 
3.7.2 DAF 
For DAF treatment, the coagulated wastewater was allowed to settle for 10 mins, after which 20% of 
the supernatant was transferred to a pressure vessel (Millipore, XX6700P10) and saturated with air 
at 450 kPa and shaken for 30 seconds until the gauge pressure stabilised. The saturated stream was 
released into the remaining 80% of the wastewater. The DAF-treated water was left intact for 3 
minutes after which the top layer was siphoned off and the remaining water was used in the 
microfiltration.  
3.7.3 1.5 µm pre-filtration 
For pre-filtration treatment, after coagulation the wastewater was filtered with glass-fibre 
membranes (1.5 µm, Whatman, GF/A) as a surrogate for media filtration for particulate removal.  
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3.8 Membrane processes 
3.8.1 Membrane characteristics 
Hydrophilic symmetric PVDF MF membranes (Durapore VVPP, 0.1 µm, Millipore) were used for 
the filtration experiments. The protein binding capacity and typical porosity of the MF membrane 
were 4 µg cm-2 and 70%, respectively (Millipore, 1997). 
 
3.8.2 Preparation of membrane  
New membranes were soaked overnight in Milli-Q water to remove trace quantities of preservative 
and to limit the introduction of organic residues into the water sample. Prior to filtration tests, 500 
mL of Milli-Q water was passed through each prior to use. Membranes were selected for use when 
their pure water flux (Jo) was in the range of 1400-1600 L m-2 h-1 at a transmembrane pressure of 70 
kPa. 
 
3.8.3 Microfiltration experiments 
A schematic diagram of the microfiltration experimental setup is shown in Figure 3.3. An Amicon 
8050 stirred cell (membrane area, 13.4 x 10-4 m2) was connected to a feed reservoir and operated at a 
transmembrane pressure (TMP) of 70 kPa regulated by nitrogen gas. The stirrer speed was 
maintained at 430 rpm. The permeate flux was determined using a top-loading electronic balance 
(BP6100, Sartorius, accuracy ± 0.1 g) with data logging function connected to a computer. All MF 
experiments were conducted at room temperature (20 ± 2 oC) and a virgin membrane was used for 
each run.  
 
 
Figure 3.3 Schematic diagram of experimental setup 
67 
Membrane flux was determined as L m-2 h-1, as per Equation 3.4. The MF experiment was stopped 
after the permeate flux of 40 L m-2 h-1 was reached.  
 
tA
VJ
∆×
∆
=  Equation (3.4) 
 
where  V∆ = volume of permeate (L) 
 A  = area of membrane (m2) 
 t∆  = time (h) 
 
An example of the data processing for a microfiltration experiment is shown in Appendix E. 
 
3.8.4 Hydraulic cleaning of membranes  
Hydraulic cleaning using Milli-Q water involves surface washing and backflushing of fouled MF 
membranes. The cleaning procedure was as follows:  
1) The fouled membrane was removed from the stirred cell and was cleaned by surface washing 
using 500 mL of Milli-Q water (supplied from a squeeze bottle). 
2) The cleaned membrane was placed upside down in the stirred cell.  
3) Backflushing with 1 L of Milli-Q water was conducted at 70 kPa with stirrer speed at 430 rpm. 
4) The cleaned membrane was returned to its original processing position. 
5) Filtration with 500 mL of Milli-Q water was conducted at 70 kPa (for flux recovery 
determination) with stirrer speed at 430 rpm. 
Flux recovery (JR) was determined as an indication of the irreversible fouling propensity of the feed 
water by measuring the pure water flux of the membrane: 
 
100×=
o
W
R J
JJ  Equation (3.5) 
 
where  Jw = the pure water (Milli-Q water) flux of the hydraulically cleaned membrane. 
 Jo  = the initial water flux of the virgin membrane. 
 
An example of the data processing for flux recovery is shown in Appendix E. 
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3.9 Characterisation of fouled membranes 
Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) and scanning 
electron microscopy (SEM) coupled with energy-dispersive x-ray spectroscopy (SEM-EDX) were 
used to characterise the foulants on the membrane. 
 
3.9.1 ATR-FTIR 
The chemical make-up of the membrane and fouling components was investigated using an ATR-
FTIR spectrometer (Spectrum 100, PerkinElmer, with Universal ATR Sampling Attachment). The 
clean and fouled membranes were kept in a desiccator, and were allowed to dry overnight by slow 
evaporation at room temperature. The resolution of the ATR-FTIR apparatus was attuned to 4.0 cm-1, 
optical path difference velocity to 0.2 cm-1 s, and the data collection interval to 1.0 s. The ATR-FTIR 
apparatus contained a ZnSe crystal at a nominal incident angle of 45o, yielding 17 internal reflections 
at the sample surface which enabled each spectrum to consist of 100 co-added scans. Analysis was 
conducted at three random points on the membrane surface. The results were then averaged and 
corrected by subtracting the spectrum of the virgin membrane. 
 
3.9.2 SEM 
The physical nature of the membrane and the foulant layer was examined by scanning electron 
microscopy (Quanta 200 FEI) running in environmental mode under low-vacuum conditions which 
allows the examination of wet specimens. The membrane samples were attached to steel discs with 
carbon double-sided tape. Images obtained were from secondary electrons with a spot size of 4 - 5, 
under 30 kV at 6000x magnification.  
 
3.9.3  ESEM-EDX 
Environmental SEM coupled with energy-dispersive x-ray spectroscopy (ESEM-EDX) was used to 
characterize the elemental content of the foulant layer. Samples were kept in a desiccator, and were 
allowed to dry overnight by slow evaporation at room temperature. The membrane samples were 
examined as in Section 3.9.2, and the dead time and count per seconds of 30-40 DT% and 1000-
2000 cps was maintained, respectively. Analysis was conducted at three random points on the 
membrane surface and the results were averaged. The error for the spectra was less than 2%. 
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3.10 Glassware 
All glassware used for experimentation and analysis was washed with Extran detergent (MA03) and 
tap water, prior to a deionised (DI) water rinse. The washed glassware was then soaked in 5% nitric 
acid overnight, rinsed with DI water, and dried in an oven at 105oC. For algal culturing experiments, 
the cleaned glassware was then sterilised in an autoclave (Hirayama, HV-110L) at 110oC for 250 
mins prior to use. 
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CHAPTER 4 REDUCING THE EFFECT OF MICROCYSTIS 
AERUGINOSA ON THE MICROFILTRATION OF A 
BIOLOGICALLY TREATED EFFLUENT 
 
 
 
 
 
 
Understanding the growth cycle of M. aeruginosa (i.e., lag, exponential and stationary growth phase) 
is important as the algal cell population and the excreted algal organic matter (AOM) change with 
time, and either or both could have a significant impact on microfiltration performance and resultant 
water quality. The aim of this chapter was to provide an insight to the growth pattern of M. 
aeruginosa and the trend for the excretion of AOM (measured in terms of DOC) throughout the 
growth cycle. In addition, fouling of the MF membrane by the different components of the M. 
aeruginosa culture (extracellular organic matter (EOM), algal cells including EOM and algal cells 
excluding EOM) in the treated effluent was investigated to better understand the fouling potential of 
each.  
 
As noted in Section 2.3.6.1, the typical alum dose for coagulation/flocculation in wastewater 
treatment ranges between 1 and 5 mg Al3+ L-1. Preliminary jar tests showed that 5 mg Al3+ L-1 was 
sufficient to treat the effluent. Various pre-treatment methods such as alum coagulation (5 mg Al3+ 
L-1), dissolved air flotation (DAF) and 1.5 µm pre-filtration (surrogate for media filtration) were 
tested for the mitigation of membrane fouling and enhancement of water quality.  
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4.1 Growth pattern of M. aeruginosa in MLA medium 
M. aeruginosa cultures were cultivated in MLA medium as described in Section 3.3 and the DOC 
and algal cell concentrations were measured. The DOC concentrations over the growth cycle 
increased with time and the maximum cell concentration of 3518 ± 300 µg L-1, (i.e., maximum cell 
concentration: 2.4 x 107 cells mL-1) occurred on Day 43 (Figure 4.1).  
 
 
Figure 4.1 Concentration of DOC and algal cells over the growth cycle for M. aeruginosa in MLA 
medium.  
 
4.2 Separation of algal components 
Experiments were conducted to isolate the effect of HORS (collected January 2009), HORS with the 
addition of extracellular organic matter (EOM), algal cells including EOM and algal cells excluding 
EOM on the microfiltration performance. The characteristics of HORS are shown in Table 4.1. 
Aliquots (160 mL) of the M. aeruginosa suspension were taken after 21 days of growth (exponential 
phase) at which stage the Chl-a and DOC concentrations were 1750 µg L-1 (1.2 x 107 cells ml-1) and 
16.6 mg L-1, respectively. Centrifugation (Section 3.6) of the suspension was employed to separate 
the cells from EOM.  
 
For HORS + EOM sample: The DOC of the separated EOM was adjusted by dilution with Milli-Q 
water to 9.85 mg L-1 before adding to 2 L of HORS. 
 
For HORS + Algal cells including EOM sample: The DOC of the algal cells including EOM aliquot 
was adjusted by dilution with Milli-Q water to 9.85 mg L-1 to match the DOC of HORS and then 
added to 2 L of HORS; the resultant Chl-a concentration was 128 µg L-1 (8.8 x 105 cells mL-1). 
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For HORS + Algal cells excluding EOM sample: The separated cells were resuspended in 2 L of 
HORS (DOC: 9.85 mg L-1); the resultant Chl-a concentration was 128 µg L-1 (8.8 x 105 cells mL-1).  
 
Table 4.1 Characteristics of the HORS water. 
Parameters Value 
pH 8.2 
Turbidity (NTU) 3.2 
DOC (mg L-1) 9.85 
UVA254(cm-1) 0.24 
SUVA (L m-1 mg-1) 2.5 
Algae (cells mL-1) 7.5 x 104 
 
4.3 Effect of algal matter on flux rate 
Flux profiles for the HORS with additions of EOM, algal cells including EOM, and algal cells 
excluding EOM are shown in Figure 4.2. HORS exhibited the highest flux, whereas there was major 
fouling by the algal cells excluding EOM and to a lesser degree by algal cells including EOM and 
EOM samples. Filterability was compared in terms of the volume of permeate collected on reaching 
a flux of 40 L m-2 h-1. The permeate volume of 772 mL for HORS declined with the addition of EOM 
(567 mL), algal cells including EOM (370 mL) and algal cells excluding EOM (359 mL). 
 
 
Figure 4.2 Comparison of effect of  EOM, algal cells including EOM and algal cells excluding 
EOM on microfiltration flux rate 
 
SEM micrographs of the foulant layers for each of the above cases are shown in Figure 4.3. The 
SEM images in Figures 4.3b and 4.3c were taken near micro-cracks to show the thickness of the 
foulant layer. The addition of EOM to HORS led to a thicker foulant layer compared with HORS 
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alone and provided more resistance to filtration resulting in the reduction in flux and permeate 
volume. The addition of algal cells to HORS produced a compact and evenly distributed algal layer 
(Figure 4.3d) and consequently led to a lower flux rate and lower permeate volume. The addition of 
algae cells including EOM resulted in a looser and unevenly distributed algal layer on the membrane 
surface (Figure 4.3e) which gave a higher flux rate and higher permeate volume compared with the 
algal cells alone. 
 
 
Figure 4.3 SEM micrographs at 6000x for (a) Clean microfiltration membrane; (b) Membrane 
fouled by HORS; (c) HORS + EOM; (d) HORS + Algal cells excluding EOM; (e) HORS + Algal 
cells including EOM. 
a) b) 
c) d) 
e) 
20.0 µm 
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4.4 Effect of pre-treatments 
Flux profiles for the microfiltration of HORS, HORS with the addition of algal cells and following 
various pre-treatment processes are shown in Figure 4.4.  HORS exhibited a sharp flux decline with 
permeate volume. The addition of algal cells led to a higher flux in the initial stages but this declined 
after the passage of 350 mL permeate. Compared with 606 mL permeate after the microfiltration for 
HORS, the addition of algae resulted in 491 mL permeate. It is noted that the permeate volume of 
HORS was lower than that of HORS in Section 4.3. This could be attributed to the prolonged storage 
of the HORS, leading to a change in the character of the sample. After alum treatment, the permeate 
volume increased to 1647 mL, almost three times that of HORS alone. Alum treatment of HORS 
plus algal cells produced 1095 mL, twice that of HORS with algal cells. Sequential use of alum (5 
mg Al3+ L-1) and DAF on HORS with algal cells achieved a permeate volume of 1500 mL, three 
times that of HORS with algal cells. When testing the sequential use of alum and 1.5 µm pre-
filtration on HORS with algal cells, the sample was exhausted at 78 L m-2 h-1 with a volume of 1426 
mL collected. This indicated that particulates larger than 1.5 µm were a definite contributor to 
membrane fouling. The use of alum and DAF, and alum and 1.5 µm pre-filtration, on HORS with 
algal cells were more effective than alum treatment alone in yielding high volumes of permeate. 
However, as shown later, the pre-treatments which included removal of the alum flocs exposed the 
membrane to irreversible fouling.  
 
 
Figure 4.4 Permeate flux profiles for the microfiltration of HORS, HORS with algal cell addition 
before and after various pre-treatments. (Al was supplied by alum) 
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4.5 Flux recovery and membrane cleaning 
After hydraulic cleaning (Section 3.8.4), the flux recovery of the cleaned MF membranes for the 
respective samples was measured (Figure 4.5). The flux recovery for HORS was 68%. With the 
addition of algal cells to HORS, the flux recovery was marginally higher at 71%. This was attributed 
to the build-up of the cells on the membrane surface (Figure 4.3d) which acted as a protective layer 
preventing foulants from coming into direct contact with the membrane surface thus reducing 
membrane fouling. With alum treatment, full flux recovery was achieved for HORS and HORS with 
algal cell addition. When DAF or 1.5 µm pre-filtration was used to remove the alum flocs, the 
permeate volume increased but there was a decrease in flux recovery to 92% and 38%, respectively.  
 
 
Figure 4.5 Flux recovery after hydraulic cleaning of the fouled microfiltration membranes 
 
The effectiveness of hydraulic cleaning was examined using SEM micrographs of the membrane 
surface (Figure 4.6). The membrane for HORS (Figure 4.6a) and HORS with algal cells (Figure 4.6b) 
revealed that some particulates and foulants remained on the membrane after hydraulic cleaning and 
so reduced the flux recovery. Hydraulic cleaning of the alum-treated samples was very effective for 
removing the membrane deposit as evidenced in Figures 4.6c and 4.6d. The use of alum coagulation 
followed by DAF on HORS with algal cells achieved a lower flux recovery of 92%. Some of the 
foulant layer persisted on the membrane after backflushing (Figure 4.6e). Internal fouling was 
evident when 1.5 µm pre-filtration was included as the flux recovery was only 38%. From an 
industrial point of view, this finding suggested that the alum flocs should not be removed from the 
treated water by any form of solid-liquid separation process (e.g., media or sand filtration, 
sedimentation) after coagulation as presented in Section 2.3. The absence of alum flocs meant that 
there was no protective layer on the membrane surface which enabled foulants smaller than 1.5 µm 
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to deposit on the membrane surface and within the pores (Fan et al., 2008), resulting in pore 
blockage and causing the significant reduction in the flux recovery (Figure 4.6f).  
 
 
Figure 4.6 SEM micrographs of hydraulically cleaned microfiltration membranes (6000x). (a) 
HORS; (b) HORS with algal cells; (c) Alum-treated HORS; (d) Alum-treated HORS with algal cells; 
(e) Alum and DAF-treated HORS with algal cells; (f) Alum-treated and 1.5 µm pre-filtered HORS 
with algal cells. 
20.0 µm 
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4.6 Water quality changes 
The reduction of DOC in the permeate for HORS and HORS with algal cells was low (6% and 3%, 
respectively). Alum treatment of these solutions increased the DOC removal to 13% and 7%, 
respectively. DOC removal for the HORS with algal cells was enhanced by the sequential use of 
alum and DAF to 10%, and to 18% with the inclusion of 1.5 µm pre-filtration. Microfiltration gave 
high removal of turbidity (96-99%), and the residual chlorophyll-a concentration was negligible for 
all cases. 
 
4.7 Fluorescence Excitation Emission Matrix (EEM) Spectroscopy 
Fluorescent EEMs of HORS with and without pre-treatment are shown in Figure 4.7. The separate 
regions have been designated according to Chen et al. (2003b). As noted in Section 2.1.6.4, 
fluorescence for humic acid- and fulvic acid-like materials can occur in both Regions III and V. 
Thus, it is recognised that fulvic acid-like material may not be exclusively found in Region III and, 
similarly, humic acid-like may not be found exclusively in Region V for theses samples and those in 
subsequent chapters of this thesis. The addition of algal cells to HORS caused a slight reduction in 
the humic acid- and fulvic acid-like region (Figure 4.7b). As the samples were not axenic, the humic 
acid- and fulvic acid-like materials may have been utilized by the M. aeruginosa or heterotrophic 
bacteria in the mixture, and/or adsorbed to the external algogenic material on the cells as suggested 
by Kwon et al. (2005b). The intensity of all peaks in the permeate for HORS with algae (Figure 4.7c) 
was not significantly different from the feed, consistent with the DOC removal of 3% by 
microfiltration. For the sequential use of alum and DAF, the intensity of all peaks in the permeate 
were similar to the permeate of HORS with algae. This revealed that DAF was relatively ineffective 
for the removal of fluorescent DOC (Figure 4.7d) despite the higher DOC removal.  However, there 
was a marked reduction in intensity of regions I, II, III and IV in the permeate for alum-treated 
HORS with algae (Figure 4.7e) and the sequential use of alum and 1.5 µm pre-filtration (Figure 4.7f), 
demonstrating that a significant proportion of fluorescent aromatic proteins, humic acid- and fulvic 
acid-like and soluble microbial by-products was removed.  
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Figure 4.7 EEMs for a) HORS; b) HORS with algae; and the permeate for c) HORS with algae; d) 5 
mg Al L-1 + DAF on HORS with algae; e) 5 mg Al L-1 on HORS with algae; f) 5 mg Al L-1 + 1.5 µm 
pre-filtration on HORS with algae. X-axis = emission (nm); Y-axis = excitation (nm); Z-axis = 
intensity (0 – 500, increments of 50). Region I and II = aromatic protein I and II respectively; region 
III = fulvic acid-like; region IV = soluble microbial by-products; region V = humic acid-like.   
I II III 
IV V 
a) b) 
c) d) 
e) f) 
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4.8 Summary 
The presence of M. aeruginosa which was spiked into the biologically treated effluent had a 
substantial effect on microfiltration performance in terms of decreased volume of permeate and only 
partial removal of the fouling deposit by hydraulic cleaning. Fouling of the membranes by the algal 
components was found to be, in decreasing order: algal cells excluding EOM, algal cells including 
EOM and EOM. Microfiltration alone showed low removal of DOC for HORS (6%) and HORS plus 
algal cells (3%). Improvements in DOC rejection were obtained when pre-treatments were applied to 
HORS with algal cells. The DOC reduction in the permeate was 7% after alum coagulation, 10% 
after alum coagulation followed by DAF, and 18% after alum coagulation with 1.5 µm pre-filtration. 
Alum coagulation also improved the filterability of HORS and HORS plus algal cells. The coupling 
of alum coagulation with DAF or 1.5 µm pre-filtration further enhanced the flux rate and increased 
the filtration volume. Particulates larger than 1.5 µm were shown to contribute to membrane fouling 
by depositing on the membrane surface.  
 
Alum treatment had the effect of improving the flux rate and the permeate volume collected on 
reaching the flux of 40 L m-2 h-1. It formed a porous cake layer which protected the membrane from 
internal fouling but which was readily removed by hydraulic cleaning, leading to full flux recovery. 
Coupling alum coagulation with DAF or 1.5 µm pre-filtration (surrogate for media filtration) had a 
negative effect on flux recovery. This was mainly due to the absence of the protective alum-organic 
floc layer on the membrane surface, enabling freer access to the internal pores of the membrane by 
the smaller foulants. 
 
This preliminary study led to the investigation of the impact of M. aeruginosa grown in a 
biologically treated effluent on membrane fouling as presented in Chapter 5.  
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CHAPTER 5 IMPACT OF MICROCYSTIS AERUGINOSA IN A 
BIOLOGICALLY TREATED EFFLUENT ON 
MEMBRANE FOULING 
 
 
 
 
 
 
Having completed the preliminary study of the M. aeruginosa growth cycle, and the impacts of M. 
aeruginosa on MF performance when M. aeruginosa was added to HORS, the next phase in the 
research program was to grow the M. aeruginosa in a large volume of biologically treated effluent 
(60 L). This was to simulate the conditions of a treatment lagoon since the addition of algae does not 
fully account for their interaction with the surrounding water (e.g., excretion of EOM, interaction 
with EfOM), and to determine the changes in organic matter in the effluent over the M. aeruginosa 
growth cycle (i.e., early, mid and late phase) 
 
In Chapter 4, alum treatment was shown to improve the flux profile, prevent internal membrane 
fouling, and lead to full flux recovery with hydraulic cleaning. In this section of the work, the 
efficacy of alum treatment was evaluated for the different algal growth phases to determine the flux 
recovery and the water quality improvements. Comparison of alum and ACH (at the same Al3+ 
concentration) was undertaken for selected samples.  
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5.1 Growth pattern of M. aeruginosa in HORS 
M. aeruginosa was grown in a new batch (60 L) of biologically treated effluent (HORS, collected in 
May 2009) as described in Section 3.4. The DOC and algal cell concentrations over the growth cycle 
increased with time (Figure 5.1). This curve varies markedly regarding the concentrations of cells 
and DOC in Figure 4.1, and indicated that the growth of M. aeruginosa and the production of EOM 
in HORS is much slower and lower than that in MLA nutrient medium. 
 
 
Figure 5.1 Concentration of DOC and algal cells over the growth cycle for M. aeruginosa in HORS. 
 
The presence of M. aeruginosa in HORS is hereafter referred to as AHORS. The physical and 
chemical characteristics of HORS and the samples used to represent the various growth phases: 
LAHORS (Lag Phase: Day 0 - 8), EAHORS (Exponential Phase: Day 19 - 25) and SAHORS 
(Stationary Phase: Day 46 - 53), are summarised in Table 5.1. The maximum M. aeruginosa cell 
density investigated was relatively higher than those typically seen in other wastewater treatment 
plant, as Vasconcelos and Pereira (2001) reported that M. aeruginosa could grow in the maturation 
ponds up to maximum of 3.2 x 106 cells mL-1. 
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Table 5.1 Characteristics of the HORS water and the various growth phases. 
EAHORS SAHORS Parameters HORS LAHORS 
Day 19 Day 25 Day 46 Day 53 
pH 8.2 8.1 8.6 9 8.8 9 
Conductivity (µS cm-1) 2080 2110 1916 1952 1894 1904 
Turbidity (NTU) 2.4 2.9 40.2 59.8 147 377 
DOC (mg L-1) 5.68 5.86 6.03 6.43 17.9 18.9 
UVA254 (cm-1) 0.25 0.25 0.26 0.26 0.38 0.42 
SUVA (L m-1 mg-1) 4.32 4.24 4.05 4.45 2.05 2.31 
Al3+ (mg L-1) < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 
Chl-a (µg L-1) 12 17 268 421 635 833 
Algae (cells mL-1) 8.2 x 104 1.2 x 105 1.8 x 106 2.9 x 106 4.3 x 106 5.7 x 106 
 
5.2 Flux profiles 
The flux pattern for this new batch of HORS showed a sharp decline and gave a permeate volume of 
719 mL (Figure 5.2) which was slightly lower than that of the HORS sample used in Chapter 4. 
After inoculation of the HORS with M. aeruginosa to give LAHORS, a similar flux pattern was 
obtained, as anticipated, since the overall algal cell number was not greatly increased. Increasing the 
alum concentration from 1 to 5 mg Al3+ L-1 gave a significant improvement in flux profile and 
permeate volume. Comparable results were obtained with ACH and alum for 5 mg Al3+ L-1. 
 
 
Figure 5.2 Microfiltration of LAHORS after various pre-treatments. 
83 
For EAHORS, for which the cell concentration was fifteen times that of LAHORS, microfiltration 
produced a lower permeate volume of 229 mL (Figure 5.3). Alum (1 mg Al3+ L-1) treatment did not 
show much improvement in flux profile and led to an even lower permeate volume. This was 
attributed to too low an alum concentration which produced small flocs, leading to higher cake layer 
specific resistance (Wang et al., 2008), resulting in a sharper flux profile and permeate volume of 
187 mL. Increasing the alum concentration from 1 to 10 mg Al3+ L-1 progressively improved the flux 
profile of EAHORS and increased the permeate volume which could be attributed to the 
development of a porous protective layer over the membrane surface. ACH (5 mg Al3+ L-1) treatment 
resulted in a sharper flux decline and a lower permeate volume compared with alum at the same 
concentration. Due to the increased algal concentration, the overall flux performance and permeate 
volumes were significantly lower compared with the early phase. 
 
 
Figure 5.3 Microfiltration of EAHORS after various pre-treatments. 
 
For SAHORS, DOC concentration was increased three-fold and the cell concentration was thirty-
five times that of LAHORS. Microfiltration of SAHORS produced the lowest permeate volume of 
99 mL compared with LAHORS and EAHORS samples (Figure 5.4). As noted in Table 5.1, there 
was a drop in SUVA (to less than 3) despite the increase in DOC and UVA254 during the transition 
from the exponential to the stationary phase of the algal growth. This indicated that there was release 
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of DOC which had lower aromatic and fluorescent characteristics, and may have been 
polysaccharidic in character. Alum (5 mg Al3+ L-1) treatment gave a sharper flux decline and 
achieved a lower permeate volume of 56 mL compared with SAHORS alone due to the low alum 
concentration. Increasing the alum concentration from 5 to 20 mg Al3+ L-1 gradually improved the 
flux profile and increased the permeate volume. The use of alum (5 mg Al3+ L-1) followed by 1.5 µm 
pre-filtration (surrogate for media filtration) showed significant improvements in flux profile and 
permeate volume of 179 mL, which is almost twice that of SAHORS alone. At 10 mg Al3+ L-1, a 
lower permeate volume of 70 mL was obtained with ACH compared with 146 mL for alum.  
 
The poor ACH performance for the exponential and stationary phases was attributed to the 
development of a foulant layer with higher resistance on the membrane surface, resulting in a lower 
permeate volume and a poorer flux profile compared with alum. Similarly, Wang et al. (2008) 
reported that the specific resistance of the foulant layer formed by the aggregates coagulated by the 
polymeric ACH was far higher than that by monomeric alum, causing the MF membrane flux to 
deteriorate much more severely. 
 
 
Figure 5.4 Microfiltration of SAHORS after various pre-treatments. 
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5.3 Membrane cleaning 
In addition to the overall permeate volumes, flux recoveries after hydraulic cleaning of the fouled 
MF membranes are shown in Figure 5.5. As the algal concentration increased, there was a decrease 
in the permeate volume. Improvement in permeate volume was achieved with the use of alum or 
ACH treatment of AHORS over the growth cycle. The best alum dosage for full flux recovery 
increased with algal concentration for LAHORS and EAHORS. However, for SAHORS, although 
increased alum concentration (5 to 20 mg Al3+ L-1) achieved an increase in permeate volume, it led to 
a severe drop in flux recovery. This suggests that the most effective period for alum treatment to 
obtain high permeate volume and flux recovery was in the lag and exponential phases of a M. 
aeruginosa bloom, corresponding to LAHORS and EAHORS. The use of 1.5 µm pre-filtration after 
alum treatment for SAHORS showed a significant increase in permeate volume but led to a low flux 
recovery of 21%. This drop in flux recovery was mainly due to the removal of the alum-coagulated 
flocs which diminished the protective layer on the membrane surface, and enabled foulants smaller 
than 1.5 µm to deposit on the membrane surface and within the pores, resulting in pore blockage and 
in turn led to a reduction in flux recovery (Goh et al., 2010; Fan et al., 2008). 
 
ACH treatment was comparable to alum treatment for LAHORS, but was much less effective for 
EAHORS as evidenced by the lower permeate volume and flux recovery, and for SAHORS in 
relation to permeate volume. This poor performance could be due to increase in the specific 
resistance of the ACH cake layer and DOC concentration in the exponential and stationary growth 
phases of the M. aeruginosa. 
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Figure 5.5 Overall permeate volumes and flux recoveries during a) Lag phase; b) Exponential phase; 
c) Stationary phase. 
a) 
b) 
c) 
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5.4 Observations of membrane surface 
ESEM images of the membrane surface with and without alum coagulation, and after hydraulic 
cleaning during the stationary growth phase are shown in Figure 5.6. The microfiltration of 
SAHORS developed a foulant layer over the membrane surface (Figure 5.6b). Increasing the alum 
concentration from 5 to 20 mg Al3+ L-1 developed a thicker foulant layer over the membrane surface 
(Figures 5.6c, 5.6d and 5.6e). Hydraulic cleaning of the SAHORS-fouled membrane without alum 
treatment showed that some of the foulant layer was not removed from the membrane surface 
(Figure 5.6f) which led to a flux recovery of 53%. With alum (5 mg Al3+ L-1) treatment (Figure 5.6g), 
a cleaner membrane surface and higher flux recovery of 89% was achieved. For 10 and 20 mg Al3+ 
L-1, the foulant layer (Figures 5.6h and 5.6i) could not be removed by hydraulic cleaning and caused 
a drastic reduction in flux recovery.  
 
Takaara et al. (2010) reported that the surface-retained organic matter (SOM), including 
lipopolysaccharides, of M. aeruginosa exhibited a potent inhibitory effect on coagulation, 
presumably because of the direct interaction of SOM with the cations from polyaluminium chloride 
(PACl), which could impede the hydrolysis of the coagulant. In addition, Takaara et al. (2007) found 
that the EOM of M. aeruginosa reduced the coagulation efficiency of PACl. Hence, the drastic 
reduction in flux recovery for SAHORS could be attributed to the presence of large number of M. 
aeruginosa cells and accompanying EOM (Table 5.1), giving a combined inhibitory effect on alum 
coagulation, causing the resultant foulants/particulates and coagulum to directly deposit and adhere 
to the membrane, thus leading to the formation of a recalcitrant foulant layer that was resistant to 
hydraulic cleaning. 
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Figure 5.6 SEM micrographs (6000x) of microfiltration membranes after filtration of stationary 
phase M. aeruginosa (a) virgin; and fouled membranes with alum treatment b) 0 mg L-1 Al3+; c) 5 
mg L-1 Al3+; d) 10 mg L-1 Al3+; e) 20 mg L-1 Al3+; and hydraulically cleaned f) 0 mg L-1 Al3+; g) 5 
mg L-1 Al3+; h) 10 mg L-1 Al3+; i) 20 mg L-1 Al3+. Scale bar indicates 10 µm. 
(a) (b) (c) 
(d) (e) (f) 
(g) (h) (i) 
10 µm 
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5.5 Water quality improvement 
DOC removals after pre-treatment for the different growth phases of M. aeruginosa are shown in 
Table 5.2. Microfiltration showed similar DOC removal for LAHORS and EAHORS, whereas for 
SAHORS there was a slight reduction in DOC removal.  
 
Table 5.2 Summary of water quality improvements in terms of DOC removed. (N.T. = not tested) 
Coagulant Dosage  Lag Phase Exponential Phase Stationary Phase Treatment 
(mg Al3+ L-1)    DOC Removal (%)   
Microfiltration    
(MF) 0 5 5 3 
1 6 13 N.T. 
3 10 10 N.T. 
5 12 11 21 
10 N.T. 18 26 
Alum + MF 
20 N.T. N.T. 24 
Alum + MF        
(1.5 µm Filtered) 5 N.T. N.T. 21 
ACH + MF 5 14 14 N.T. 
  10 N.T. N.T. 21 
 
For LAHORS, DOC removal was improved with increasing alum concentration. Comparable DOC 
removals were achieved with ACH.  
 
For EAHORS, due to the increase in cell concentration, the best DOC removal was achieved with 
alum at 10 mg Al3+ L-1. ACH gave a slightly higher DOC removal compared with alum at 5 mg Al3+ 
L-1.  
 
For SAHORS, no further improvement in DOC removal was observed for alum at concentrations 
greater than 10 mg Al3+ L-1. As expected, the coupling of 1.5 µm pre-filtration with alum coagulation 
showed no improvement in DOC removal compared with alum coagulation alone. Lower DOC 
removal was obtained in the stationary phase with ACH.  
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In all cases, the removal of turbidity was greater than 98%, residual aluminium concentrations were 
below the 0.2 mg L-1 limit according to USEPA drinking water regulations (2009) and residual 
chlorophyll-a concentrations were negligible (Appendix F). 
 
5.6 Fluorescence excitation emission matrix (EEM) spectra 
EEM spectra were employed to observe the changes in fluorescent DOC of AHORS during the 
growth cycle of M. aeruginosa. Peaks for humic acid- and fulvic acid-like matter dominated in all 
EEMs (Figure 5.7)  throughout the growth cycle.  It was observed that the intensity of the 
fluorescence spectra increases along with DOC (Table 5.1) with time, indicating that M. aeruginosa 
was releasing fluorescent dissolved organic matter into the effluent over the growth cycle.  
 
The transition from lag to exponential phase revealed an increase in aromatic proteins, humic acid- 
and fulvic acid-like regions and may be attributed to the slight increase in DOC from 5.86 to 6.23 
mg L-1. The transition from exponential to stationary phase showed an increase in all regions and 
was accompanied by a drastic rise in DOC from 6.23 to 18.4 mg L-1. These observations are 
consistent with a study by Stedmon and Markager (2005a) on marine algae in experimental 
enclosures.  
 
 
Figure 5.7 EEMs of AHORS for a) Lag phase; b) Exponential phase; c) Stationary phase. X-axis = 
emission (nm); Y-axis = excitation (nm); Z-axis = intensity (0 – 600, increments of 60). Region I 
and II = aromatic protein I and II respectively; region III = fulvic acid-like; region IV = soluble 
microbial by-products; region V = humic acid-like.   
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For the stationary phase (Figure 5.7c), the increased intensity of the fluorescence spectrum was 
mainly attributed to the release of fulvic acid-like materials by the algae as revealed by the sudden 
decrease in SUVA from 4.45 to 2.05 L m-1 mg-1 (Table 5.1). A SUVA value of less than 3 L m-1 mg-
1
 indicates that the main content of the DOC is more fulvic in character, thus making it harder to be 
removed by coagulation (Edzwald, 1993; Edzwald and Benschoten, 1990). Interestingly, a decrease 
in DOC removal was observed for microfiltration alone during the stationary phase of the algal 
growth (Table 5.2). 
 
5.7 Summary 
In the lag growth phase, the presence of M. aeruginosa in the biologically treated effluent had 
negligible impact on flux profile and permeate volume; full flux recovery was achieved with the low 
alum dose of 1 mg Al3+ L-1 and comparable results were achieved for ACH treatment at the same 
Al3+ dose.  
 
As the algal population entered the exponential and stationary growth phase, algal cell and DOC 
concentration (mainly humic acid- and fulvic acid-like materials) increased, leading to poorer flux 
profiles and lower permeate volumes. Alum coagulation led to greater improvement in flux profile, 
permeate volume and membrane recovery compared with ACH coagulation. The poorer 
performance of ACH was attributed to the differing nature of the pre-coagulated aggregates which 
developed a higher specific resistance cake layer than alum.  
 
Although chemical coagulation (with alum or ACH) improved the flux rate, water quality and 
permeate volume during the stationary growth phase, a higher coagulant concentration was 
necessary to achieve a satisfactory amount of permeate, but this led to a severe drop in flux recovery. 
With an increased permeate volume came an increased quantity of deposit on the membrane. At high 
alum concentrations the deposit formed a cement-like layer which resisted hydraulic cleaning.  
 
From an industrial perspective, plant operators could use either alum or ACH to treat the bloom in 
the lag growth phase as both coagulants achieved high permeate volumes and flux recoveries. In 
addition, a lower alum dose of less than 5 mg Al3+ L-1 was sufficient to improve the flux profile and 
achieve higher flux recovery in both the lag and exponential growth phase compared with the 
stationary growth phase. This would minimise the operation and maintenance costs due to the longer 
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operational life span of the membranes. It is recommended that treatment of M. aeruginosa blooms 
in wastewater treatment lagoons be conducted during the lag and exponential growth phase. 
 
This study led to further investigation into the use of Al-based coagulants during the mid phase of 
algal growth, and the impact of high alum dosing during the stationary phase of algal growth, in the 
microfiltration of a biologically treated effluent containing M. aeruginosa, as presented in Chapter 6 
and Chapter 7, respectively. 
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CHAPTER 6 THE USE OF AL-BASED COAGULANTS IN THE 
MICROFILTRATION OF A BIOLOGICALLY 
TREATED EFFLUENT CONTAINING MICROCYSTIS 
AERUGINOSA 
 
 
 
 
 
In Chapter 5 it was shown that 5 mg Al3+ L-1 was an effective alum dose in terms of permeate 
volume and flux recovery (98%) for the pre-treatment of an exponential growth phase M. aeruginosa 
culture grown in lagoon effluent prior to MF. Interestingly, treatment with ACH gave lower 
permeate volume and poor flux recovery (44%) at the same dosage. In this chapter the aim was to 
investigate the difference in performance between alum and ACH pre-treatment at 5 mg Al3+ L-1 for 
the microfiltration of an activated sludge-lagoon effluent from a municipal sewage treatment plant 
containing M. aeruginosa. The M. aeruginosa was grown in HORS effluent and when in the 
exponential growth phase (cell concentration: 2.5 x 106 cells mL-1) the efficacy of alum and ACH 
treatment on flux, flux recovery and membrane fouling was investigated. 
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6.1 Characteristics of HORS and EAHORS  
HORS was collected from WTP in September 2009 and M. aeruginosa was grown in the HORS 
until it reached a cell concentration 2.5 x 106 cells mL-1. The characteristics of HORS and EAHORS 
during the exponential phase of algal growth are shown in Table 6.1. The presence of M. aeruginosa 
in HORS led to an increase in pH and no change in zeta potential. The increased level of pH was 
attributed to the photosynthetic consumption of carbon dioxide by the algae (Radke, 2008). The 
mean particle size increased from 20 µm (HORS) to 64 µm (EAHORS) which was due to the 
increased algal concentration, giving clusters of cells which in turn led to the large increase in 
turbidity. Interestingly, there was a decrease in DOC and UVA254. The DOC may have been utilized 
by the M. aeruginosa, or as the samples were not axenic, by heterotrophic bacteria in the mixture, or 
adsorbed onto the algal surface, in turn reducing DOC. 
 
Table 6.1 Characteristics of HORS and EAHORS samples. 
 HORS EAHORS 
Algae (cells mL-1) 4.8 x 104 2.5 x 106 
pH 7.9 9.0 
Zeta Potential (mV) -17.6 ± 1.2 -17.7 ± 1.1 
Particle Size Distribution (µm) 1 - 35 1 - 300 
Mean Particle Size (µm) 20 64 
Turbidity (NTU) 4.5 110.0 
DOC (mg L-1) 9.3 ± 0.02 8.6 ± 0.02 
UVA254 (cm-1) 0.167  0.155 
 
6.2 Characteristics of HORS and EAHORS after coagulation 
The zeta potential of algal matter (i.e., M. aeruginosa cells, excreted algogenic organic matter)  is 
negative at pH 2-11 (Henderson et al., 2008c). It is well-known that humic and fulvic acid-like 
materials possess a net negative charge (Jorgensen, 2010; Sutton and Sposito, 2005; Stevenson, 1994) 
and that these humic materials, particularly fulvic acid-like materials, absorb cations well in natural 
waters (O'Melia, 1987). Hence, with alum and ACH treatment (5 mg Al3+ L-1) the zeta potential for 
particulates/cells in HORS increased slightly from -17.6 ± 1.2 mV to -14.4 ± 1 and -14.2 ± 1 mV, 
respectively (Table 6.2). However, there was effectively no change in zeta potential for 
particulates/cells in EAHORS after treatment: from -17.7 ± 1.1 mV to -17.0 ± 2.6 (alum) and -17.2 ± 
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1.9 mV (ACH). This could be attributed to the increase in the negatively charged algal matter (Table 
6.2), humic acid- and fulvic acid-like materials (Figure 6.2) in EAHORS which could have lessened 
the cationic effect of the coagulants, leading to little change in zeta potential for both alum and ACH 
treated EAHORS samples. 
 
Coagulation is generally explained in terms of two distinct mechanisms: charge neutralization of 
negatively charged colloids by cationic hydrolysis products, and incorporation of colloids/impurities 
in an amorphous hydroxide precipitate (sweep flocculation). Despite the large presence of negatively 
charged algal matter (Table 6.2), humic acid- and fulvic acid-like materials (Figure 6.2), coagulation 
at pH 7.1-8.9 was successful as indicated by the reductions in the algal cell concentration (>86%), 
turbidity (>84%), DOC (>8%), UVA254 (>8%) and the increase in mean particle size of the treated 
HORS and EAHORS samples. The increase in mean particle size was mainly attributed to the 
incorporation of particulates, algae and dissolved organic matter within the flocs via the sweep 
flocculation mechanism.  
 
Table 6.2 Characteristics of HORS and EAHORS samples after coagulation  
 
Alum-
treated 
HORS 
ACH-
treated 
HORS 
Alum-
treated 
EAHORS 
ACH-
treated 
EAHORS 
Algae (cells mL-1) 6.9 x 103 6.9 x 103 2.7 x 104 2.7 x 104 
pH 7.1 7.8 8.1 8.9 
Zeta Potential (mV) -14.4 ± 1.0 -14.2 ± 1.0 -17 ± 2.6 -17.2 ± 1.9 
Particle Size Distribution (µm) 4 - 250 4 - 230 2 - 400 2 - 400 
Mean Particle Size (µm) 50 56 79 73 
Turbidity (NTU) 0.7 0.5 0.8 0.7 
DOC (mg L-1) 8.6 ± 0.03 8.3 ± 0.04 7.9 ± 0.03 7.7 ± 0.02 
UVA254 (cm-1) 0.149 0.146 0.143 0.139 
 
It has been reported that at pH ≥7, the concentration of negatively charged aluminate ion (Al(OH)4-) 
and the amorphous Al(OH)3 precipitate is relatively higher than the concentrations of dissolved 
cationic hydrolysis products, thus indicating that sweep flocculation probably dominates over charge 
neutralization at higher pH (Gebbie, 2005b; Duan and Gregory, 2003; Wang et al., 2002). At  lower 
pH (6.4), several researchers have found that charge neutralization of the humic and fulvic acid-like 
materials was more likely to occur in coagulation of natural water (Tipping, 2004; DeWolfe et al., 
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2003). Similarly, Gao et al. (2010a; 2010b) reported that charge neutralization was the main 
mechanism responsible for the effective removal of M. aeruginosa from surface water at low pH (4-
7) but the main mechanism shifted to sweep flocculation and enmeshment at higher pH (7-10). 
 
6.3 Excitation Emission Matrix spectroscopy with Fluorescent Regional Integration (EEM-
FRI) 
EEM-FRI (as developed by Chen et al. (2003b)) was employed to quantify the changes in 
fluorescent dissolved organic carbon (DOC) after treatment of HORS (Figure 6.1) and EAHORS 
(Figure 6.2).  FA and HA dominated in the HORS sample (Figure 6.1a). Microfiltration of the 
HORS water gave reductions of AP I (2%), AP II (11%), FA (19%), SMP (3%), and HA (8%) which 
indicated that FA was one of the main components in the membrane foulant (Figure 6.1b). As noted 
previously in Section 2.1.6.4, it is recognised that FA may not be exclusively found in Region III 
and, similarly HA may not be found exclusively in Region V. Wang et al. (2009b) conducted a 
microfiltration study of a municipal wastewater using similar PVDF membranes. Similarly, they 
found that the AP II and, to a lesser extent FA and HA, were the dominant fluorescent materials in 
the membrane foulant. 
 
After alum and ACH treatment of HORS, the differences in residual fluorescent DOC were small. 
Alum treatment gave reductions of 6-8% in AP II, SMP, FA and HA compared with microfiltration 
alone (Figure 6.1c), whereas ACH treatment gave slightly higher reductions of AP II, FA and HA 
(Figure 6.1d), consistent with the higher removal of DOC (Table 6.2). This could be due to the 
longer chains of the polymeric ACH compared with monomeric alum (Wu et al., 2006) enhancing 
the bridging effect and entrapment of EfOM within the polymeric coagulum, leading to higher 
removal of DOC. 
 
The residual fluorescent DOC after the use of microfiltration following alum (Figure 6.1e) and ACH 
treatment (Figure 6.1f) of HORS water was relatively similar. 
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Figure 6.1 EEM-FRI values of a) HORS, following b) microfiltration; c) alum treatment; d) ACH 
treatment; e) alum treatment and microfiltration; f) ACH treatment and microfiltration. Regions I 
and II = aromatic protein (AP) I and II, respectively; region III = fulvic acid-like (FA); region IV = 
soluble microbial by-products (SMP); region V = humic acid-like matter (HA) 
 
The presence of the cyanobacteria in EAHORS (Figure 6.2b) gave an increase in all fluorescent 
DOC regions compared with HORS (Figure 6.2a). Similar to HORS, FA and HA dominated in the 
EAHORS sample. Microfiltration of EAHORS (Figure 6.2c) showed a reduction in AP I (7%), AP II 
(8%), FA (10%), SMP (5%), and HA (6%), indicating that FA is one of the main foulant 
components retained by the membrane. 
 
Alum treatment of EAHORS (Figure 6.2d) gave a larger reduction in fluorescent matter, particularly 
in the FA and HA fractions (Figure 6.2e). Similar findings for alum treatment of wastewater were 
reported by Fan et al. (2008). However, alum treatment achieved a smaller DOC reduction (Table 
6.2) than ACH treatment. This indicated that alum treatment was more effective for removing the 
fluorescent organic matter (consistent with the data presented in Section 4.7) whereas ACH 
treatment was more effective for removing the non-fluorescent organic matter from EAHORS.  
 
a) b) c) d) e) f) 
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Coupling microfiltration with alum treatment (Figure 6.2f) gave greater removal of all fluorescent 
DOC than microfiltration with ACH treatment (Figure 6.2g). However, the overall removal of 
fluorescent DOC by microfiltration after coagulation was small for EAHORS. 
 
 
 
Figure 6.2 EEM-FRI values of a) HORS and b) EAHORS, following c) microfiltration; d) alum 
treatment; e) ACH treatment; f) alum treatment and microfiltration; g) ACH treatment and 
microfiltration. 
 
6.4 Flux 
Microfiltration of HORS water showed a sharp flux decline (Figure 6.3), similar to that noted in 
Sections 4.4 and 5.2. As in Chapter 5, the presence of M. aeruginosa led to a higher flux in the initial 
stages, but this then decreased rapidly. The permeate volumes at the final flux of 40 L m-2 h-1 were 
640 mL for HORS and 550 mL for EAHORS. Based on the findings in Sections 6.1 and 6.3, the 
reduction in flux for EAHORS was attributed to the presence of algal cells and the change in type of 
DOC present as demonstrated by the increase in fluorescent organic matter (i.e., AP I & II, FA, SMP 
and HA), since an increase in the DOC concentration with M. aeruginosa was not observed.  
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Pre-treatment by alum coagulation increased the permeate volumes to 1475 mL for HORS and 805 
mL for EAHORS. ACH coagulation was less advantageous, giving lower permeate volumes of 998 
mL for HORS and 741 mL for EAHORS. The differing nature of the foulant layer on the membrane 
surface after alum and ACH coagulation could have contributed to the better filtration performance 
for alum treatment. As noted in the flux profile (Figure 5.3) and DOC removal (Table 5.2) for the 
alum- and ACH-treated EAHORS samples, ACH treatment achieved a higher DOC removal than 
alum treatment for both HORS and EAHORS, and could have developed a foulant layer with higher 
resistance on the membrane surface, resulting in a lower permeate volume and a poorer flux profile 
compared with alum treatment. Similar findings were reported by Wang et al.(2008). They found 
that the specific resistance of the foulant layer formed by the aggregates coagulated by the polymeric 
ACH was far higher than that coagulated by inorganic monomeric alum, causing the MF membrane 
flux to deteriorate much more severely. 
 
 
Figure 6.3 Influence of alum and ACH coagulation on microfiltration flux profiles for HORS and 
EAHORS. 
 
The membrane flux profiles following hydraulic cleaning are shown in Figure 6.4. The cleaned 
membranes from the alum-treated samples gave significantly higher pure water fluxes compared 
with ACH-treated and untreated samples for both HORS and EAHORS. Furthermore, the cleaned 
membrane flux of the alum-treated samples were comparable to the virgin membrane flux which 
implied that there was negligible membrane fouling. The higher cleaned membrane flux and the 
negligible membrane fouling achieved with alum treatment indicate that a shorter cleaning downtime 
would be required in practice. 
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Figure 6.4 Cleaned membrane flux profiles for HORS and EAHORS after alum and ACH 
coagulation. (note that Y-axis does not commence at zero) 
 
SEM micrographs of the microfiltration membranes following hydraulic cleaning are shown in 
Figure 6.5. The flux recovery for HORS was 70%, whereas when M. aeruginosa was present the 
flux recovery was 77%. This higher flux recovery was attributed to the build-up of algal cells on the 
membrane surface, which acted as a protective layer preventing foulants from coming into direct 
contact with the membrane surface, thus reducing membrane fouling (Goh et al., 2010). For the 
alum-treated samples, the deposit was readily washed off the membrane surface by hydraulic 
cleaning (Figures 6.5b and 6.5c), so that high flux recoveries of 100% and 98% were obtained for 
both HORS and EAHORS. Membrane cleaning for the ACH-treated samples did not fully remove 
the foulant layer (Figures 6.5d and 6.5e), as ACH is a larger preformed species compared with alum 
it hydrolyses less and adsorbs more strongly to the membrane (Matijevic and Kolak, 1967), resulting 
in lower flux recoveries for HORS (65%) and EAHORS (63%).  
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Figure 6.5 SEM micrographs of hydraulically cleaned microfiltration membranes (6000x). (a) 
Virgin membrane; (b) Alum-treated HORS; (c) Alum-treated EAHORS; (d) ACH-treated HORS; (e) 
ACH-treated EAHORS. Scale bar represents 10 µm. 
 
6.5 Surface membrane analysis  
Surface membrane analysis was conducted using ATR-FTIR and ESEM-EDX. 
 
6.5.1 ATR-FTIR 
ATR-FTIR was used to characterise the major foulant groups on the fouled membranes. The spectra 
of residual foulants before and after hydraulic cleaning of the membranes after the filtration of 
HORS and EAHORS, with and without pre-treatment, are shown in Figure 6.6. The spectra were 
corrected by subtracting the spectrum of the virgin membrane. 
 
The fouled membranes after microfiltration of HORS and EAHORS with and without pre-treatments 
showed strong peaks at 3430 cm-1 (O-H group), 3300 cm-1 (N-H group), and between 1000 and 1120 
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cm-1 (C-O group), showing the presence of polysaccharides. In addition, bands between 2900 cm-1 
and 2850 cm-1 (which correspond to aliphatic-CH2 asymmetrical stretching and symmetrical groups), 
and bands near 1650 cm-1 and 1550 cm-1 (which correspond to carbonyl, amide I and amide II bands 
of an amide structure) were present, with the former indicating the presence of humic acid-like 
materials  and the latter showing the presence of nitrogen-containing organic matter (possibly 
proteins) (Lee et al., 2006; Her et al., 2004; Tanaka et al., 2001). The spectrum of the fouled 
membrane for EAHORS showed a very large increase in polysaccharides, proteins and humic acid-
like foulants compared with HORS, consistent with the sharp flux decline and lower permeate 
volume.  
 
After hydraulic cleaning of the membrane, the peaks for polysaccharides, protein-like and humic 
acid-like foulants were reduced but showed that these foulants were still present on the membrane 
surface for the HORS and EAHORS samples (Figures 6.6a and 6.6b). The spectra for the cleaned 
membrane for the alum-treated HORS and EAHORS samples (Figures 6.6c and 6.6d) revealed that 
the majority of the foulants was removed, leaving behind an insignificant amount of protein- and 
polysaccharide-like foulant which demonstrated that the surface fouling on the membrane was 
reversible, leading to the high flux recoveries (>98%). The spectra for the cleaned membranes for 
the ACH-treated HORS and EAHORS samples (Figures 6.6e and 6.6f) showed similarity with the 
cleaned membrane for the HORS and EAHORS samples, indicating the foulants were not fully 
removed from the membrane surface by hydraulic cleaning, and so led to lower flux recoveries 
(<65%). 
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Figure 6.6 ATR-FTIR spectra of the residual foulants on fouled and hydraulically cleaned 
membranes of a) HORS; b) EAHORS; c) alum-treated HORS; d) alum-treated EAHORS; e) ACH-
treated HORS and f) ACH-treated EAHORS. 
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6.5.2 ESEM-EDX 
Colour and colloidal matter are removed by adsorption onto or within the metal hydroxide 
hydrolysis products during coagulation with Al-based coagulants (Wang et al., 2008). ESEM-EDX 
was employed to investigate the extent of hydraulic cleaning for the removal of this metal hydroxide 
coagulum from the membrane surface (Figure 6.7). The main elements of the virgin membrane were 
identified as carbon (C) and fluorine (F), consistent with its PVDF composition, and oxygen (O) 
originating from the presence of water during membrane preparation prior to microfiltration.  
 
Microfiltration of HORS developed a foulant layer with elements mainly consisting of O, sodium 
(Na), aluminium (Al), silicon (Si), phosphorus (P), chlorine (Cl) and calcium (Ca), which led to the 
decrease in C and F peaks (Figure 6.7a). All of these fouling elements were derived from the 
wastewater which came from industrial and municipal sources. P, Si and Ca were the major 
inorganic foulants; P was attributed to the precipitation of weakly soluble phosphate (Mo and Huang, 
2003), and Si and Ca were attributed to the presence of SiO2, silicate and calcium salt foulants as 
reported by other researchers (Khatib et al., 1997; Lahoussine-Turcaud et al., 1990). After the 
hydraulic cleaning of the HORS-fouled membrane, the spectra showed that the majority of these 
elements were removed from the membrane surface, except for O, Al and Si. Microfiltration of 
EAHORS developed a similar foulant layer compared with HORS, but with an increase in the C 
peak due to the presence of algae (Figure 6.7b). The spectrum of the cleaned membrane for 
EAHORS showed similar removals compared with HORS, except for C and O which were due to 
the presence of organics. 
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Figure 6.7 ESEM-EDX spectra of virgin microfiltration membrane, fouled and hydraulically 
cleaned membranes after treatment of a) HORS and b) EAHORS. 
 
Microfiltration of the alum-treated HORS and EAHORS (Figures 6.8a and 6.8b) developed an 
aluminium hydroxide coagulum over the membrane surface which was reflected by the additional Al 
and higher O peaks. In addition, major elements such as Na, Si, P, Cl and Ca were detected. After 
hydraulic cleaning, the spectra of the cleaned membranes resembled that of the virgin membrane, 
indicating that the aluminium hydroxide coagulum was completely removed from the membrane 
surface. This finding using ESEM-EDX was consistent with the previous ATR-FTIR findings for 
alum-treated samples, supporting the assertion that the surface fouling on the membrane was 
reversible, leading to the high flux recoveries (>98%). 
a) 
C O F Na Al Si P Cl Ca 
b) 
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Figure 6.8 ESEM-EDX spectra of virgin microfiltration membrane, fouled and hydraulically 
cleaned membranes after treatment of a) alum-treated HORS and b) alum-treated EAHORS. 
 
Microfiltration of the ACH-treated HORS and EAHORS (Figures 6.9a and 6.9b) developed similar 
coagulum layers compared with alum-treated HORS and EAHORS. However, the spectra of the 
cleaned membranes revealed that the aluminium hydroxide coagulum, Si and P were not completely 
removed from the membrane surface. The persistence of the ACH-coagulum on the membrane 
surface was attributed to the interaction of the ACH coagulum with the membrane. In ACH 
treatment, the initial adsorption of ACH to the surface of colloids and other suspended particles is 
essentially irreversible (Bratby, 1980). After adsorption has occurred, long chains will be formed 
from the destabilised complex surface, extending into the solution and which become further 
a) 
C O F Na Al Si P Cl Ca 
b) 
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adsorbed onto adjacent complexes, thus forming a number of bridges or cross-linkages, resulting in 
stronger flocs (Cheng, 2002) than those formed when particles/colloids are destabilised by alum 
(Yukselen and Gregory, 2004). Moreover, due to the highly polymerized nature of ACH compared 
with monomeric alum, the polymeric structure was retained in the precipitate (Jiang and Graham, 
1998b; Van Benschoten and Edzwald, 1990), permitting more and longer chains to extend into the 
solution, creating more sites for adsorption, allowing more complexes to be linked tightly together 
and to the membrane surface, leading to difficulty in hydraulic cleaning.  
 
 
 
Figure 6.9 ESEM-EDX spectra of virgin microfiltration membrane, fouled and hydraulically 
cleaned membranes after treatment of a) ACH-treated HORS and b) ACH-treated EAHORS. 
a) 
C O F Na Al Si P Cl Ca 
b) 
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ESEM-EDX surface analysis revealed that the ACH coagulum was more strongly attached to the 
membrane (consistent with the respective ATR-FTIR findings), making it harder to be removed by 
hydraulic cleaning, leading to lower flux recoveries for both HORS and EAHORS samples. 
 
6.6 Summary 
The experiments in this chapter were designed to simulate the growth of M. aeruginosa in a lagoon 
of biologically treated effluent where the cell concentration reached exponential growth phase (2.5 x 
106 cells mL-1). The presence of M. aeruginosa led to a poorer flux profile which was attributed to 
the change in organic matter type as demonstrated by the increase in fluorescent DOC (i.e., AP I & 
II, FA, SMP and HA) and the presence of algal cells, rather than increase in DOC (as in Chapter 5). 
 
Coagulation of both HORS and EAHORS with 5 mg Al3+ L-1 as alum or ACH occurred via sweep 
flocculation. Compared with alum, ACH coagulation of HORS and EAHORS gave better reduction 
in overall DOC concentration. It was shown that these coagulants removed different types of organic 
compounds as exemplified by the greater removal of fluorescent organic matter by alum, whereas 
ACH gave greater removal of the non-fluorescent organic matter. Alum treatment achieved a better 
flux profile and increased permeate volume for both HORS and EAHORS compared with ACH 
treatment.  
 
Hydraulic cleaning of the membranes used for the alum-treated samples gave higher pure water 
fluxes compared with ACH-treated samples. This indicated that the alum coagulum provided 
external protection for the membrane from internal fouling. For alum-treated HORS and EAHORS 
samples, the majority of the foulants (i.e., polysaccharides, proteins and humic acid-like materials) 
and aluminium hydroxide coagulum were removed by hydraulic cleaning, leaving behind only an 
insignificant amount of protein- and polysaccharide-like material, giving high flux recovery (98%). 
In contrast, for the ACH-treated HORS and EAHORS samples fouling materials and coagulum 
residues were more strongly attached to the membrane due to the highly polymerized nature of the 
ACH precipitate, causing difficulties in hydraulic cleaning, leading to lower flux recovery (63%) 
compared with alum. 
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From an industrial perspective, the higher flux recovery, and the negligible internal membrane 
fouling achieved by alum treatment, indicated a longer runtime, a shorter cleaning downtime and 
higher productivity. Operation and maintenance costs would be reduced due to the longer 
operational life span of the membranes. It is recommended that alum, rather than ACH, be used in 
cases of M. aeruginosa blooms. 
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CHAPTER 7 THE IMPACT OF DOSING ALUM AT HIGH 
CONCENTRATION FOR THE TREATMENT OF 
SECONDARY EFFLUENT CONTAINING 
MICROCYSTIS AERUGINOSA 
 
This work was designed to simulate a situation in the wastewater treatment plant where the operator 
was faced with an exponential and stationary phase algal bloom, and reacted by dosing alum at high 
concentration (20 mg Al3+ L-1) rather than in the typical dosage range of 1 - 5 mg Al3+ L-1 (as noted 
in Section 2.3.6.1) to rectify the situation. In Chapter 5 it was shown that alum treatment has the 
effect of improving the microfiltration flux rate, water quality and permeate volume during the 
stationary algal growth phase. A higher coagulant concentration (20 mg Al3+ L-1) was necessary to 
achieve a satisfactory volume of permeate, but this led to a severe drop in flux recovery. 
Furthermore, at this high alum concentration the deposit formed a cement-like layer on the 
membrane which resisted hydraulic cleaning. The main aim of this chapter was to investigate the 
impact of dosing alum at high concentration (20 mg Al3+ L-1) as pre-treatment in the microfiltration 
of an activated sludge-lagoon effluent containing M. aeruginosa. Experiments were conducted for 
the exponential and stationary phase of M. aeruginosa (cell concentrations of 1.7 x 106 cells mL-1 
and 5.2 x 106 cells mL-1, respectively). 
 
Typically in an algal bloom situation, both algal cells and EOM are present and at significantly 
higher concentrations in the stationary phase compared with the exponential phase. Hence, 
centrifugation was employed to separate the algal cells and EOM for both phases. For the 
exponential phase the algal cell component was resuspended in HORS and the EOM component was 
used directly (as DOC concentrations of HORS and EOM were similar to that of EAHORS), to 
investigate the alum interaction between the respective algal cell component and the EOM 
component with the membrane. For the stationary phase the algal cells and EOM from the stationary 
phase were then mixed with the algal cells and EOM of the exponential phase, respectively, to give 
HCS:LEE (High algal cells (stationary phase) and Low EOM (exponential phase) content) and 
LCE:HES (Low algal cells (exponential phase) and High EOM (stationary phase) content) sample. 
This was to investigate the impact of both the high algal cell (stationary phase) in a low EOM 
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(exponential phase) environment and the low algal cell (exponential phase) in a high EOM 
(stationary phase) environment; and the interaction with the membrane with/without alum treatment. 
 
The changes in organics and the alum interaction between the algal cells and the EOM with the 
membrane for the exponential and stationary phase at high alum dosage were investigated. The 
efficacy of membrane cleaning after filtration of the various pre-treated M. aeruginosa preparations, 
and the physical and chemical characteristics of the resultant residual foulant layers was also 
investigated. 
 
7.1 Growth pattern of M. aeruginosa in HORS 
Two batches of M. aeruginosa were grown in the treated effluent (HORS) (collected in May 2010). 
as described in Section 3.4. Algal growth (Figure 7.1a) in this new sample of HORS was much faster 
than that of the earlier HORS sample (Figure 5.1). This may be attributed to the slight variation in 
the characteristics of HORS. The second batch was inoculated on Day 28 of growth of the first batch, 
so that when the first batch reached stationary growth phase, the second batch would be in 
exponential phase. The DOC and algal cell concentrations over the growth cycle increased with time 
(Figures 7.1a and 7.1b).  
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Figure 7.1 Concentration of DOC and cells over the growth cycle for M. aeruginosa in HORS for a) 
first batch and b) second batch. 
 
To maintain the cell and DOC concentration for comparison purposes, for the exponential and 
stationary phase of both batches 30 L of the culture was placed under conditions of reduced light and 
oxygenation (in a jerry can with translucent walls and with the opening lightly plugged with cotton 
wool). The physical and chemical characteristics of HORS, and the samples used to represent the 
growth phases EAHORS (Exponential Phase: Day 14) and SAHORS (Stationary Phase: Day 41) are 
summarised in Table 7.1. 
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Table 7.1 Characteristics of HORS and the various growth phases.  
Parameters HORS EAHORS SAHORS 
pH 8.1 8.5 8.5 
Conductivity (µS cm-1) 1769 1727 1727 
Turbidity (NTU) 2.9 16.9 140 
DOC (mg L-1) 9.64 9.61 16.7 
UVA254 (cm-1) 0.25 0.24 0.49 
SUVA (L m-1 mg-1) 2.55 2.47 2.93 
Chl-a (µg L-1) 8 253 758 
Algae (cells mL-1) 5.5 x 104 1.7 x 106 5.2 x 106 
 
The SUVA values in the stationary phase of the algal growth (Table 7.1) were low (less than 3 L m-1 
mg-1), and this was consistent with that as noted in Table 5.1. This indicated that there was release of 
DOC which had lower aromatic and fluorescent characteristics, and may have been polysaccharidic 
in character. Similarly low SUVA values were observed in a study on green and blue-green algae by 
Nguyen et al. (2005).  
 
7.2 EEM-FRI 
EEM-FRI was employed to quantify the changes in fluorescent DOC in the HORS, and exponential 
and stationary growth phase (Figure 7.2). The EEM spectra showed that the FA and HA peaks 
dominated for the HORS and AHORS samples. Up to and including the exponential phase, there 
was very little change in the DOC concentration (Figures 7.1a and 7.1b, Table 7.1) and the type of 
fluorescent organic matter indicating that the growth of M. aeruginosa did not release a significant 
amount of EOM over this period. 
 
On reaching the stationary phase, M. aeruginosa had released a significant amount of organic matter, 
raising the DOC from 9.64 to 16.7 mg L-1 (Table 7.1). The increase for each type of fluorescent 
organic matter was in decreasing order: FA (121%), HA (59%), SMP (36%), AP II (11%) and AP I 
(1%). These observations are consistent with that of Figure 5.7 and a study by Cheng and Chi (2003) 
who reported the increase in DOC due to the release of EOM during eutrophication (algae species 
not specified) in reservoir water. 
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Figure 7.2 EEM-FRI for HORS and AHORS at exponential and stationary phase. Regions I and II = 
aromatic protein (AP) I and II, respectively; region III = fulvic acid-like (FA); region IV = soluble 
microbial by-products (SMP); region V = humic acid-like matter (HA) 
  
7.3 MF performance 
MF performance for HORS, EAHORS and SAHORS with/without alum treatment was characterised 
in terms of flux profile, flux recovery and membrane surface observations. In addition, to investigate 
the alum interaction between the algal cells and the EOM with the membrane, centrifugation 
(Section 3.6) was conducted on the exponential and stationary growth phase samples to separate the 
algal cells and the EOM. The DOC and cell concentration of HORS, EAHORS, SAHORS, 
HCS:LEE and LCE:HES sample are summarised in Table 7.2. 
 
For the exponential phase, the algal cell component (Chl-a: 253 µg L-1) was resuspended in HORS 
(DOC: 9.64 mg L-1) and the EOM component (Chl-a: 0 µg L-1, DOC: 9.61 mg L-1) was used directly, 
to investigate the alum interaction between the respective component with the membrane. 
 
For the stationary phase, the algal cells (Chl-a: 758 µg L-1) and EOM (DOC: 16.7 mg L-1) from the 
stationary growth phase were then mixed with the algal cells (Chl-a: 253 µg L-1) and EOM (DOC: 
9.61 mg L-1) of the exponential growth, respectively, phase to give HCS:LEE and LCE:HES. 
 
HCS:LEE: High algal cells (stationary growth phase) and Low EOM (exponential growth phase) 
content, to investigate the impact of the high algal cell component in a low EOM environment and 
the interaction with the membrane with/without alum treatment. 
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LCE:HES: Low algal cells (exponential growth phase) and High EOM (stationary growth phase) 
content, to investigate the impact of the high EOM component in a low algal cell environment and 
the interaction with the membrane with/without alum treatment. 
 
Table 7.2 DOC and cell concentrations of HORS, EAHORS, SAHORS, HCS:LEE and LCE:HES 
samples.  
Exponential Phase Stationary Phase 
Parameters HORS 
EAHORS 
HORS 
with 
added 
algal 
cells 
EOM SAHORS EOM 
HCS: 
LEE 
LCE:
HES 
DOC      
 (mg L-1) 9.64 9.61 9.64 9.61 16.7 16.7 9.61 16.7 
Algae 
(x 105 cells mL-1) 0.55 17 17 0 52 0 52 17 
 
7.3.1 Flux profiles 
For the exponential growth phase, samples of HORS, EAHORS, HORS with algal cell addition, and 
EOM were prepared for the investigation of the alum interaction between the exponential phase algal 
cells and/or the EOM in the treated effluent with the membrane. Based on data obtained from 
experiments in Chapter 5 and in anticipation of the higher algal cell and EOM concentrations in the 
stationary growth phase, an alum dose of 20 mg Al3+ L-1 was selected as the overdose concentration. 
 
Microfiltration of HORS showed a sharp flux decline similar to that of Figure 6.3 and gave a 
permeate volume of 775 mL at the final flux of 40 L m-2 h-1 (Figure 7.3a). As this was a new sample 
of HORS with slightly different characteristics from previous samples, the permeate volume was a 
little different from that reported in earlier chapters (Figure 4.2, 4.4, 4.2 and 6.3). The presence of M. 
aeruginosa in exponential growth phase gave a poorer flux profile and a decreased permeate volume 
of 623 mL. The reduction in flux was attributed to the presence of the algal cells as there was no 
increase in the DOC concentration (Table 7.2). Increasing the alum dosage from 5 to 20 mg Al3+ L-1 
for EAHORS (low algal cell and low EOM content) gave a significant improvement in flux profile 
and permeate volume similar to that as observed in Figure 5.3. Alum treatment of HORS, EAHORS, 
HORS with algal cell addition and EOM samples gave comparable flux profiles (Figure 7.3b), 
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indicating that the impact of M. aeruginosa cells and/or EOM was rendered insignificant with alum 
treatment, despite the alum overdose. 
 
 
 
Figure 7.3 The microfiltration permeate flux of a) HORS, EAHORS, alum treatment (5 and 10 mg 
Al3+ L-1) on EAHORS and b) alum treatment (20 mg Al3+ L-1) on HORS, HORS with added algal 
cells, EAHORS and EOM for exponential phase of M. aeruginosa growth. 
 
For the stationary growth phase, microfiltration of SAHORS (high algal cell and high EOM content) 
led to a poorer flux profile compared with EAHORS and a much lower permeate volume of 81 mL 
(Figure 7.4). This poorer flux profile was attributed to the large increase in the cell and DOC 
concentration (Table 7.2), and the significant change in the type of organic matter (Figure 7.2). 
Alum treatment (5 mg Al3+ L-1) gave a sharper flux decline and led to a lower permeate volume (50 
117 
mL) than SAHORS, which was due to the insufficient alum dosage. Similar to the exponential 
growth phase situation, increasing the alum concentration to 10 and 20 mg Al3+ L-1 led to the 
development of a protective layer over the membrane, and so improved the flux profile and permeate 
volume. As anticipated, microfiltration of EOM achieved a better flux profile and a higher permeate 
volume compared with SAHORS, due to the removal of the algal cells (Table 7.2). Further 
improvements in flux profile and permeate volume for EOM were achieved with alum treatment (20 
mg Al3+ L-1).  
 
 
Figure 7.4 The effect of alum treatment on permeate flux for the microfiltration of AHORS and 
EOM for the stationary phase of M. aeruginosa growth. 
 
HCS:LEE (high algal cell and low EOM content) and LCE:HES (low algal cell and high EOM 
content) were prepared with accordance to Table 7.2 for the investigation of the interaction between 
the algal cells or the EOM in the treated effluent with the membrane with/without alum treatment. 
Microfiltration of HCS:LEE gave a better flux profile and a higher permeate volume compared with 
LCE:HES, suggesting that the high EOM content had a higher fouling potential than the high algal 
cell content in the stationary phase (Figure 7.5).  
 
Microfiltration of the high EOM content samples (LCE:HES and SAHORS) exhibited a poorer flux 
profile and a lower permeate volume compared with the low EOM content samples (HCS:LEE and 
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EAHORS). This observation was consistent with the assertion that in the stationary phase the high 
EOM content had a higher fouling potential than the high algal cell content. This observation was 
different from that in Section 4.3 where the algal cells of the exponential phase exhibited a higher 
fouling potential compared with  the EOM content. This indicated that the relative fouling potential 
of the algal cell and EOM content alters depending on the growth phase. In the lag and exponential 
phase, the algal cell content exhibited a higher fouling potential compared with the EOM content, 
while in the stationary phase the EOM content gave a higher fouling potential compared with the 
algal cell content. 
 
The microfiltration of the low EOM content samples showed that HCS:LEE had a poorer flux 
profile and lower permeate volume compared with EAHORS, due to the greater presence of algal 
cells (Table 7.2). However, microfiltration of the high EOM content samples (LCE:HES and 
SAHORS) led to a similar flux profile and permeate volume. In addition, the overall performance in 
terms of flux profile and permeate volume of the high EOM content samples was much lower 
compared with the low EOM content samples, further indicating that the EOM content of the 
stationary growth phase was the major cause of membrane fouling rather than the algal cells.  
 
Alum pre-treatment (20 mg Al3+ L-1) of HCS:LEE gave a better flux and permeate performance than 
of LCE:HES (Figure 7.5). This improved performance may be attributed to the aluminium 
hydroxide coagulum formed with the larger particles (e.g., algal cells) which protects the membrane 
surface from the approach of smaller particles, causing less resistance and in turn leading to the 
improved permeate and flux profile (Kwon et al., 2005b).  
 
Microfiltration of the alum-treated high algal cell samples (HCS:LEE and SAHORS) and the alum-
treated low algal cell samples (LCE:HES and EAHORS) showed that the samples with high EOM 
content exhibited a poorer flux profile and a lower permeate volume compared with those with low 
EOM content. This poor performance indicated that the high EOM content of the stationary growth 
phase may have a negative impact on alum pre-treatment.  
 
Microfiltration of alum-treated HCS:LEE exhibited a poorer flux profile and lower permeate volume 
compared with alum-treated EAHORS, indicating that the high algal cell content of the stationary 
growth phase (Table 7.2) may have a negative impact on alum pre-treatment. Interestingly, this 
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finding is different from the assertion made in the comparison between HCS:LEE and LCE:HES 
which suggested that the interaction of alum with the high EOM content was the major cause, with 
high algal cell content making a smaller contribution to the poor performance in flux profile and 
permeate volume.  
 
Microfiltration of alum-treated LCE:HES achieved a comparable flux profile and a slightly higher 
permeate volume compared with alum-treated SAHORS. In addition, the overall performance in 
terms of flux profile and permeate volume for LCE:HES and SAHORS was much poorer than for 
alum-treated HCS:LEE and alum-treated EAHORS. This observation further supports the assertion 
that the interaction of alum with the high EOM content was the major cause, with high algal cell 
content making a smaller contribution to the poorer flux profile and permeate volume. 
 
 
Figure 7.5 The effect of alum treatment on permeate flux for the microfiltration of HCS:LEE and 
LCE:HES. 
 
7.3.2 Flux recovery 
After hydraulic cleaning of the fouled membrane, the flux recovery for HORS was 62% (Figure 7.6). 
Alum treatment (20 mg Al3+ L-1) of HORS led to a layer of coagulum over the membrane surface, 
protecting the membrane from internal fouling, which in turn gave a higher flux recovery of 98%. 
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For EAHORS, the presence of M. aeruginosa cells provided resistance to hydraulic cleaning, thus 
reducing the flux recovery to 50%. With increasing alum concentration (5 to 20 mg Al3+ L-1), the 
flux recovery increased to 98% due to the build-up of a thicker protective layer over the membrane, 
preventing foulants/particulates from coming into contact with the membrane, and so reducing 
membrane fouling. As in Table 7.1, the DOC and UVA254 of HORS and EAHORS were similar,  
hence alum treatment (20 mg Al3+ L-1) of the HORS with added algal cells showed similar flux 
recovery compared with alum-treated EAHORS. The alum-treated EOM sample gave a slightly 
lower flux recovery (91%) compared with the alum-treated AHORS and HORS with added algal 
cells, demonstrating that the low concentration of EOM had a negligible impact on alum treatment 
for the exponential growth phase of M. aeruginosa. 
 
 
Figure 7.6 Flux recovery after hydraulic cleaning of fouled microfiltration membranes for 
exponential growth phase of M. aeruginosa. 
 
Interestingly, similar rising trends in flux recovery were observed for the alum-treated EAHORS 
samples (Figures 7.6 and 5.5) with increasing alum concentration, despite the differences in 
character and DOC of HORS. The DOC of the later HORS sample (Table 7.1) was higher and 
possessed more fulvic acid-like character compared with that of the earlier HORS sample (Table 5.1) 
which exhibited more humic acid-like character. Although there were differences in the DOC and 
character of HORS samples used in Chapter 7 and 5, insignificant or no release/increase of DOC by 
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the algae into both HORS samples was observed during the exponential growth phase, thus leading 
to similar rising trends in flux recovery. 
 
For SAHORS (Figure 7.7), the flux recovery was reduced to 46% due to the increased algal cell and 
DOC (i.e., EOM) content which was associated with a change in the type of organic matter. 
Increasing alum concentration from 5 to 20 mg Al3+ L-1 for SAHORS led to a reduction in flux 
recovery from 46% to 9% which was the opposite trend to that for the alum-treated EAHORS 
samples. This phenomenon was attributed to the increased algal cell and/or EOM content in 
SAHORS. As noted in Figure 5.5, similar trends in flux recovery were observed with increasing 
alum concentration for the alum-treated SAHORS (Figure 7.7) as the DOC concentration and 
character of the new SAHORS sample (Table 7.1) was comparable with that of the previous 
SAHORS sample (Table 5.1). The hydraulic cleaning of the membrane for the EOM sample led to 
lower flux recovery than for the SAHORS sample, indicating that the EOM severely fouled the 
membrane in the absence of algal cells. A further reduction in flux recovery was observed when the 
higher alum treatment (20 mg Al3+ L-1) was used for the EOM sample, which clearly indicated that 
the EOM had a negative impact on alum pre-treatment for the stationary growth phase for M. 
aeruginosa. 
 
 
Figure 7.7 Flux recovery after hydraulic cleaning of fouled microfiltration membranes for stationary 
phase of M. aeruginosa growth. 
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Comparison between the hydraulically cleaned membranes for HCS:LEE (high algal cell and low 
EOM content) and LCE:HES (low algal cell and high EOM content) showed flux recoveries of 48% 
and 43%, respectively (Figure 7.8). This showed that the EOM content was the major cause for 
membrane fouling, with the algal cells making a smaller contribution. Similarly, the high EOM 
content in both the low (LCE:HES and EAHORS) and high algal content (HCS:LEE and SAHORS) 
samples led to a lower flux recovery than the low EOM content samples. This further supported the 
assertion that the EOM content of the stationary growth phase has a larger impact on membrane 
fouling than the algal cells. As anticipated, for the low EOM content samples (HCS:LEE and 
EAHORS), the high algal cell sample (HCS:LEE) gave a lower flux recovery compared with the low 
algal cell sample (EAHORS). However, for the high EOM content samples (LCE:HES and 
SAHORS) the high algal cell sample gave a higher flux recovery. This was attributed to the build-up 
of the algal cells on the membrane surface which acted as a protective layer preventing the high 
EOM content of the algal effluent from coming into direct contact with the membrane surface thus 
reducing the severity of fouling (Goh et al., 2010). 
 
 
Figure 7.8 Flux recovery after hydraulic cleaning with backflushing of fouled microfiltration 
membranes for HCS:LEE and LCE:HES with/without alum treatment. 
 
After alum pre-treatment, the high EOM content samples in both the low (LCE:HES and EAHORS) 
and high algal content (HCS:LEE and SAHORS) samples led to a lower flux recovery than the low 
EOM content samples. This indicated that the EOM content had a negative impact on alum 
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coagulation. Comparison between the low (HCS:LEE and EAHORS) and high EOM content 
(LCE:HES and SAHORS) samples showed that those with high algal cell content led to a lower flux 
recovery than those with low algal cell content after alum pre-treatment, thus showing that the algal 
content had a negative impact on alum coagulation. Comparison between HCS:LEE and LCE:HES 
after alum treatment (20 mg Al3+ L-1) indicated that the interaction of alum with the high EOM 
content was the major cause, with the high algal cell content having a smaller impact on alum 
coagulation as pre-treatment for M. aeruginosa in the stationary growth phase, despite an alum 
overdose. 
 
7.4 Observations of the membrane surfaces 
The surfaces of the membranes after fouling under the various conditions in the preceding 
experiments were examined using scanning electron microscopy (SEM), attenuated total reflection 
fourier transform infrared (ATR-FTIR) spectroscopy and SEM coupled with energy-dispersive X-
ray (SEM-EDX) spectroscopy. 
7.4.1 SEM images of hydraulically cleaned membranes  
The effectiveness of hydraulic cleaning of membranes used during the exponential and stationary 
growth phase was examined using SEM micrographs of the membrane surface (Figures 7.9 and 
7.10). The membranes for HORS (Figure 7.9b) and EAHORS (Figure 7.9c) showed that some 
foulants persisted on the membrane after hydraulic cleaning and so reduced the flux recovery.  
 
For alum-treated (20 mg Al3+ L-1) HORS, the membrane deposit was effectively removed by 
hydraulic cleaning. The increased alum concentration (5, 10 and 20 mg Al3+ L-1) for EAHORS 
improved the removal of the membrane deposit with hydraulic cleaning (Figure 7.9d shows result 
for 20 mg Al3+ L-1). The SEM micrographs for alum-treated HORS (20 mg Al3+ L-1), and EAHORS 
(5 and 10 mg Al3+ L-1), were similar to that for alum-treated (20 mg Al3+ L-1) EAHORS. Similar 
removals were achieved for alum-treated (20 mg Al3+ L-1) HORS with added algal cells, and EOM. 
This demonstrated further that alum treatment was effective for treating the samples containing algal 
cells (Figure 7.9e) or the EOM (Figure 7.9f) for the exponential growth phase, producing a 
membrane deposit that was easily removed by hydraulic means, despite the alum overdose. 
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For the stationary growth phase, foulants were present after hydraulic cleaning (Figure 7.10a). In 
contrast to the exponential growth phase, increasing the alum concentration from 5 to 20 mg Al3+ L-1 
led to the development of a recalcitrant deposit which was resistant to hydraulic cleaning. SEM 
micrographs for alum-treated (5 and 10 mg Al3+ L-1) SAHORS were similar to that for alum-treated 
(20 mg Al3+ L-1) SAHORS (Figure 7.10b). These micrograph observations of the cleaned membrane 
for alum-treated (5-20 mg Al3+ L-1) SAHORS were consistent with the previous observations of the 
cleaned membrane for alum-treated SAHORS samples (Figure 5.6). 
 
The micrographs of the cleaned membrane for EOM (Figure 7.10c), HCS:LEE (high algal cell and 
low EOM content), and LCE:HES (low algal cell and high EOM content samples) were similar, 
showing that the deposit persisted after hydraulic cleaning. The use of alum treatment (20 mg Al3+ L-
1) led to difficulties in hydraulic cleaning (Figures 7.10d, 7.10e and 7.10f), especially for samples 
with high EOM content.  
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Figure 7.9 SEM micrographs of hydraulically cleaned microfiltration membranes (6000x) for 
exponential phase of M. aeruginosa growth. a) Virgin membrane; b) HORS; c) EAHORS; and alum-
treated (20 mg Al3+ L-1) samples of d) EAHORS; e) HORS with added algal cells; f) EOM. Scale bar 
indicates 10 µm. 
a) b) 
c) d) 
e) f) 
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Figure 7.10 SEM micrographs of hydraulically cleaned microfiltration membranes (6000x) for 
stationary growth phase. a) SAHORS; b) alum-treated (20 mg Al3+ L-1) SAHORS; c) EOM; and 
alum-treated (20 mg Al3+ L-1) samples of d) EOM; e) HCS:LEE; f) LCE:HES. Scale bar indicates 10 
µm. 
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7.4.2 ATR-FTIR 
ATR-FTIR was used to characterise the major residual foulant groups on selected hydraulically 
cleaned membranes. The spectra of the residual foulants on the cleaned membranes after the 
filtration of HORS and AHORS, with and without alum treatment (20 mg Al3+ L-1) for the 
exponential and stationary growth phase are shown in Figures 7.11 and 7.12, respectively. The 
spectra were corrected by subtracting the spectrum of the virgin membrane.  
 
The spectra of the cleaned membranes after microfiltration of HORS (Figure 7.11a) and EAHORS 
(Figure 7.11b) without alum treatment were relatively similar. As in Section 6.5.1, the spectra 
indicated that the recalcitrant foulants were polysaccharides, proteins and humic acid-like materials. 
 
Alum pre-treatment significantly reduced the intensity of the residual foulant peaks for HORS 
(Figure 7.11a) and EAHORS (Figure 7.11b), indicating that almost all of the residual foulants were 
removed by hydraulic cleaning, resulting in high flux recoveries (98%). The alum-treated HORS 
with added algal cells sample (Figure 7.11c) gave a similar spectrum compared with the alum-
treated EAHORS sample as the water characteristics (e.g., algal cell and DOC concentration) of the 
former were similar to those of the latter. The spectrum for the alum-treated EOM sample (Figure 
7.11d) showed a slight increase in the foulant peaks compared with the alum-treated EAHORS and 
the HORS with added algal cells samples, which is consistent with a slight reduction in flux 
recovery from 96% to 91%. This slight increase in the foulant peaks suggested that the EOM could 
have produced a more persistent foulant layer compared with the algal cells with alum treatment, 
increasing the resistance and so led to the difficulties in hydraulic cleaning. 
 
128 
 
Figure 7.11 ATR-FTIR spectra of the foulants on the hydraulically cleaned membranes of a) HORS; 
b) EAHORS; with/without alum treatment, and alum-treated c) HORS with added algal cells; d) 
EOM for the exponential growth phase of M. aeruginosa. Alum dosage was 20 mg Al3+ L-1. 
 
For the stationary growth phase, there was a slight increase in the residual foulant peaks after 
hydraulic cleaning (Figure 7.12a) compared with the exponential phase, as the algae contributed 
organic matter to the water during growth. Alum treatment (20 mg Al3+ L-1) of SAHORS led to 
development of a foulant layer which was resistant to hydraulic cleaning, showing that the increase 
in algal cell and EOM content contributed to membrane fouling. As anticipated, the peak intensities 
for the EOM sample were lower than for SAHORS as no algal cells were present (Figure 7.12b). 
However, the cleaned membrane for the alum-treated EOM sample showed a large increase in the 
residual foulant peaks, demonstrating that the severe membrane fouling was due to the EOM rather 
than the algal cells. 
a) b) 
c) d) 
Polysaccharides 
Humic 
acid-like Proteins 
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Figure 7.12 ATR-FTIR spectra of the foulants on the hydraulically cleaned membranes of a) 
SAHORS; b) EOM; with/without alum treatment for the stationary growth phase of M. aeruginosa. 
Alum dosage was 20 mg Al3+ L-1. 
 
For HCS:LEE (high algal cell and low EOM content) (Figure 7.13a), and LCE:HES (low algal cell 
and high EOM content) (Figure 7.13b), the former gave a slightly higher residual foulant peak 
response which may be attributed to the presence of a high concentration of algal cells. With alum 
treatment, there was a marked increase in the residual foulant peaks, especially for LCE:HES, 
demonstrating further that the EOM rather than the algal cells caused the severe membrane fouling 
when an alum overdose was used. 
 
 
Figure 7.13 ATR-FTIR spectra of the foulants on the hydraulically cleaned membranes of a) 
HCS:LEE; b) LCE:HES, with/without alum treatment for the stationary growth phase of M. 
aeruginosa. Alum dosage was 20 mg Al3+ L-1. 
a) b) 
Polysaccharides 
Humic 
acid-like 
Proteins 
a) b) 
Polysaccharides 
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acid-like 
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7.4.3 ESEM-EDX 
ESEM-EDX was employed to investigate the extent of removal of the aluminium hydroxide 
coagulum from the membrane surface for the exponential and stationary growth phase by hydraulic 
cleaning (Figures 7.14 and 7.15, respectively).  
 
As in noted in Section 6.5.2, the spectra for the HORS-fouled membrane showed the presence of 
mainly O, aluminium (Al) and silicon (Si) on the membrane surface which was not removed by 
hydraulic cleaning (Figure 7.14a). The presence of these foulants resulted in the slight reduction of 
the C and F peaks.  
 
For the exponential growth phase, similar spectra were obtained for the EAHORS sample and the 
HORS samples, except for the lack of Al and Si peaks (Figure 7.14b) which may be attributed to the 
attraction of these particulates/foulants to the mucilaginous slime material of the algae in EAHORS 
as reported by Kwon et al. (2005b) in their study of the effect of M. aeruginosa on fouling of UF 
membranes, and was then removed by hydraulic cleaning. The spectra for the cleaned alum-treated 
HORS (Figure 7.14c) and EAHORS membranes (Figure 7.14d) resemble those of the virgin 
membrane, with only a slight reduction in the F peak and increase in the C peak due to the presence 
of organics, indicating that the majority of the aluminium hydroxide coagulum was effectively 
removed from the membrane surface with hydraulic cleaning. Similar removals to that of alum-
treated EAHORS membranes were achieved for the alum-treated HORS with added algal cells and 
EOM samples. This further demonstrated that an alum overdose for the exponential growth phase 
was effective for treating EAHORS regardless of the effect of the algal cells and EOM, and that the 
coagulum was effectively removed with hydraulic cleaning, resulting in negligible membrane 
fouling. 
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Figure 7.14 ESEM-EDX spectra of the virgin and hydraulically cleaned microfiltration membranes 
of a) HORS; b) EAHORS; and alum-treated (20 mg Al3+ L-1) samples of c) HORS; d) EAHORS, for 
the exponential growth phase of M. aeruginosa.  
 
For the stationary growth phase, the cleaned membrane spectra for SAHORS showed a reduction in 
the C and F peak compared with the virgin membrane which was attributed to the increase in algal 
cell and EOM content (Figure 7.15a). The cleaned alum-treated (20 mg Al3+ L-1) SAHORS 
membrane showed a small phosphorus (P) peak which was considered to result from the 
precipitation of weakly soluble phosphate as described by Mo and Huang (2003). The presence of O 
and Al peaks indicated that the metal hydroxide coagulum was not completely removed from the 
membrane surface by hydraulic cleaning, leading to reduction in the C and F peaks (Figure 7.15b). 
The incomplete removal of the coagulum may be due to the large number of M. aeruginosa cells 
(indicating high SOM concentration) and accompanying EOM which gave a combined inhibitory 
effect on alum coagulation, causing the resultant foulants/particulates and coagulum to directly 
deposit and adhere to the membrane. Takaara et al. (2010) reported that the SOM, including lipo-
a) 
c) 
C O Al Si P F 
d) 
b) 
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polysaccharides, of M. aeruginosa exhibited a potent inhibitory effect on coagulation, presumably 
because of the direct interaction of SOM with the cations from polyaluminium chloride, which could 
impede the hydrolysis of the coagulant. In addition, Takaara et al. (2007) demonstrated that it was 
likely that the EOM, rather than the COM, of M. aeruginosa caused the reduction of coagulation 
efficiency. However, the contribution of COM to coagulation inhibition is not relevant in the present 
study as the cells were intact, as indicated by no change in colour nor increase in organic matter in 
the water.  
 
For the EOM sample (Figure 7.15c), similar results were obtained compared with the SAHORS 
sample after hydraulic cleaning, indicating that the residual foulant layer was mainly contributed by 
the EOM rather than the algal cells. The cleaned membrane spectrum for the alum-treated EOM 
sample (Figure 7.15d) gave higher peak responses for O, Al and P compared with the alum-treated 
SAHORS sample, indicating severe membrane fouling. This observation demonstrated that the 
interaction of alum with the high concentration of EOM present in stationary growth phase (Table 
7.1) could be the major cause, with algal cells making a smaller contribution to the inhibitory effect 
on the coagulation. Consequently, the resulting foulants/particulates and coagulum directly fouled 
and persisted on the membrane despite hydraulic cleaning as evidenced in Figure 7.15d.  
 
It has been reported that the cyanobacteria have a high affinity for nutrients (phosphorus, nitrogen) 
and a substantial storage capacity for phosphorus (Newcombe et al., 2010). During growth, the algae 
reduce this phosphorus store as the dissolved inorganic phosphorus from the surrounding water is 
exhausted (Gage and Gorham, 1985). It is hypothesized that as the algae entered the stationary 
growth phase, further depletion of the phosphorus and oxygen from the surrounding water occurred. 
Consequently, the cells started releasing phosphorus back to the surrounding water; this is consistent 
with the study conducted by Shapiro (1967) who showed that phosphorus is released rapidly in many 
cultures of bacteria and microorganisms when kept under anoxic conditions. Thus, the excreted 
phosphorus-containing materials in the EOM-rich fraction (which was obtained by centrifugation 
during the stationary growth phase) reacted with the alum, leading to the incorporation of P in the 
coagulum as phosphorus is effectively removed by alum treatment (Ebeling et al., 2003; Omoike and 
VanLoon, 1999).  
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Figure 7.15 ESEM-EDX spectra of the virgin and hydraulically cleaned microfiltration membranes 
of a) SAHORS; b) alum-treated SAHORS; c) EOM; d) alum-treated EOM, for the stationary growth 
phase of M. aeruginosa. Alum dosage was 20 mg Al3+ L-1.  
 
For HCS:LEE (high algal cell with low EOM content) (Figure 7.16a) and LCE:HES (low algal cell 
with high EOM content) (Figure 7.16b), similar spectra were obtained after hydraulic cleaning, 
demonstrating that the algal cells and the EOM-rich SAHORS had a severe impact on membrane 
fouling. Although both LCE:HES (Figure 7.16b) and the EOM sample from the stationary phase 
(Figure 7.15c) were EOM-rich samples, the resultant spectra were different. This was attributed to 
the presence of residual algal matter from the LCE:HES sample on the hydraulically cleaned 
membrane which gave an increase in the C peak. For alum-treated HCS:LEE (Figure 7.16c), the 
aluminium hydroxide coagulum and the presence of foulants (increased C) over the membrane 
resulted in the reduction of the F peak. As for the cleaned alum-treated LCE:HES membrane (Figure 
7.16d), a P peak is apparent, and the O and Al peaks were significantly higher compared with the 
alum-treated high algal cell with low EOM content sample. This finding further supports the 
assertion that the excreted dissolved phosphorus-containing materials were present in the EOM-rich 
C O Al Si P F 
a) b) 
c) d) 
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fraction which was obtained by centrifugation during the stationary growth phase of M. aeruginosa, 
and the interaction of EOM with the aluminium cations which impeded the hydrolysis of alum, 
causing the strong affinity of foulant and the resultant coagulum from the alum overdose for the 
membrane, leading to difficulties in hydraulic cleaning, thus reducing the F peak. 
 
 
Figure 7.16 ESEM-EDX spectra of the virgin and hydraulically cleaned microfiltration membranes 
of a) HCS:LEE; b) LCE:HES; and alum-treated c) HCS:LEE; d) LCE:HES. Alum dosage was 20 
mg Al3+ L-1.  
 
7.5 Water quality improvement 
DOC removals after alum treatment for the exponential and stationary growth phase of M. 
aeruginosa are shown in Tables 7.3 and 7.4, respectively. For the exponential phase, microfiltration 
showed a higher DOC removal for HORS compared with EAHORS (Table 7.3). This could be due 
to the greater presence of algal cells in the EAHORS sample which could have clogged the pores of 
the membrane, thus reducing the filtering efficiency of the membrane.  Increasing the alum 
a) b) 
d) 
C O Al Si P F 
c) 
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concentration for EAHORS gave a gradual improvement in DOC removal and the best removal was 
achieved at 20 mg Al3+ L-1 so that removals of ≥ 38% for the HORS, HORS with added algal cell 
and EOM samples were obtained. In all cases for the exponential phase, the removal of turbidity was 
greater than 93% and the residual Chl-a concentrations were negligible (Appendix G). 
 
Table 7.3 Summary of water quality improvement in terms of DOC removed for the exponential 
growth phase of M. aeruginosa. (N.T. = not tested) 
Exponential Phase 
HORS 
EAHORS HORS with 
added algal cells EOM Treatment 
Coagulant Dosage      
(mg Al3+ L-1) 
DOC removal (%) 
Microfiltration 
(MF) 0 7 4 N.T. N.T. 
5 N.T. 15 N.T. N.T. 
10 N.T. 20 N.T. N.T. Alum + MF 
20 38 40 41 41 
 
For the stationary phase, microfiltration of the high algal concentration samples (SAHORS and 
HCS:LEE) achieved slightly higher DOC removal compared with the high EOM concentration 
samples (EOM and LCE:HES). Increasing alum concentration for SAHORS led to a gradual 
increase in DOC removal. The dosage of 20 mg Al3+ L-1 achieved the best removal for SAHORS and 
the removal was similar to that for the alum-treated HCS:LEE. Alum treatment (20 mg Al3+ L-1) of 
high EOM concentration samples gave a lower DOC removal compared with the high algal 
concentration samples. In both cases (with and without alum treatment), the microfiltration of high 
algal concentration samples gave higher DOC removal compared with high EOM concentration 
samples. This was attributed to the formation of an algal cell protective layer over the membrane for 
the former or the development of an algal-alum coagulum over the membrane for the latter,  leading 
to higher DOC removals. In all cases for the stationary phase, the removal of turbidity was greater 
than 94% and the residual Chl-a concentrations were negligible (Appendix G). 
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Table 7.4 Summary of water quality improvement in terms of DOC removed for the stationary 
growth phase of M. aeruginosa. (N.T. = not tested) 
Stationary Phase 
SAHORS EOM HCS:LEE LCE:HES Treatment Coagulant Dosage      (mg Al3+ L-1) 
DOC removal (%) 
Microfiltration 
(MF) 0 6 4 7 5 
5 24 N.T. N.T. N.T. 
10 27 N.T. N.T. N.T. Alum + MF 
20 28 23 29 21 
 
 
7.6 Summary 
The experiments in this chapter were designed to simulate the growth of M. aeruginosa in a lagoon 
of biologically treated effluent where the cell concentration reached exponential and stationary 
growth phase. Based on data obtained from experiments in Chapter 5 and in anticipation of the 
higher algal cell and EOM concentrations in the stationary growth phase, a high alum dose of 20 mg 
Al3+ L-1 was selected for both phases. However, the impact of the high alum dosage was different for 
the two phases. 
 
For the exponential growth phase, the presence of M. aeruginosa led to a poorer flux profile which 
was attributed to the presence of algal cells as little change in the DOC concentration (used to 
indicate EOM concentration) occurred. The impact of the M. aeruginosa cells and/or EOM was 
overcome by alum treatment, leading to improved flux profiles. Membrane surface analysis showed 
that the majority of the residual foulants (i.e., polysaccharides, proteins and humic acid-like 
materials) and the aluminium hydroxide coagulum were effectively removed with hydraulic cleaning, 
resulting in high flux recovery (> 91%). 
 
For the stationary growth phase, the large increase in the cyanobacterial cell and EOM content, and 
the change in the type of organic matter as evidenced by the large increases in FA and HA, had a 
detrimental impact on the flux profile. The EOM content of the stationary phase had a higher fouling 
potential compared with the algal cell content. Increasing the alum dosage to 20 mg Al3+ L-1 
improved the flux profiles due to the gradual development of a protective coagulum on the 
membrane surface. In contrast to the exponential phase, surface analysis of the hydraulically cleaned 
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membranes for the alum-treated samples showed that the residual foulants and the aluminium 
hydroxide coagulum were recalcitrant, especially for samples with high EOM content, which led to 
the large reduction in flux recovery. The phosphorus-containing EOM-rich fraction was found to 
have a stronger inhibitory effect on alum coagulation compared with the M. aeruginosa cells in the 
effluent, as the EOM interacted with the aluminium cations which impeded the hydrolysis of alum, 
causing the resultant foulants/particulates and coagulum to directly deposit and adhere to the 
membrane, thus leading to the formation of a recalcitrant foulant layer that was resistant to hydraulic 
cleaning. In addition, DOC removals in the stationary phase were lower than that of the exponential 
phase. 
 
Consistent with Sections 5.7 and 6.6, it is recommended that alum coagulation of biologically treated 
effluent be done during the initial stages of an algal bloom as there is little release of EOM, and high 
alum dose did not have a detrimental effect on the flux profile and recovery. However from an 
industrial perspective, this work has shown that care needs to be taken not to dose alum greater than 
5 mg Al3+ L-1 in the pretreatment of both an algal bloom during the stationary growth stages of a M. 
aeruginosa bloom or a high EOM-containing algal effluent (DOC of approximately or greater than 
15 mg L-1). This is due to the formation of a cement-like layer over the membrane which is resistant 
to hydraulic cleaning, which was largely attributed to the high concentration of EOM, with the high 
concentration of algal cells making a smaller contribution to the inhibitory effect on alum 
coagulation. 
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CHAPTER 8 CONCLUSIONS 
 
The primary objective of this study was to determine the major factors affecting the membrane 
performance of the microfiltration of biologically treated lagoon effluent (HORS) containing M. 
aeruginosa, and to develop a better understanding of the interactions between the residual foulants 
and the membrane with and without pre-treatments throughout the algal growth cycle (early, mid 
and late phase).  
 
8.1 Preliminary study 
In the preliminary study, M. aeruginosa (grown in MLA nutrient medium) was spiked into HORS 
and negatively impacted microfiltration performance (poor flux profile, low permeate volume and 
flux recovery). The M. aeruginosa cell component (exponential growth phase) exhibited the highest 
fouling potential, followed by the combination of cells and EOM, and then EOM alone. Alum 
treatment effectively improved the microfiltration performance due to the formation of a porous 
protective layer over the membrane. The inclusion of DAF or 1.5 µm pre-filtration after alum 
treatment improved the permeate volume and DOC removal, but diminished the protective layer and 
resulted in severe irreversible membrane fouling.  
 
8.2 Pre-treatments on M. aeruginosa grown in biologically treated effluent 
In order to account for the interaction of M. aeruginosa with the surrounding water (e.g., excretion 
of EOM, interaction with EfOM) over the growth cycle (lag, exponential and stationary growth 
phase), experiments were conducted using M. aeruginosa grown in biologically treated effluent 
(AHORS), instead of adding M. aeruginosa grown in MLA nutrient medium to the effluent.  
 
8.2.1 Lag growth phase 
The DOC (used to indicate EOM concentration) and algal concentration in AHORS remained 
constant. The presence of M. aeruginosa in AHORS had negligible impact on microfiltration flux 
profile and permeate volume due to the low cell and DOC concentration. Low coagulant dose using 
alum or ACH was sufficient to achieve high permeate volume and full flux recovery. 
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8.2.2 Exponential  growth phase 
The M. aeruginosa cell concentration increased, but little if any increase in DOC was observed and 
there was a change in organic matter type in AHORS. The poorer flux profiles and lower permeate 
volumes were attributed to the increase in cell concentration and the change in organic matter type.  
 
Alum and ACH coagulation (5 mg Al3+ L-1) occurred via the sweep flocculation mechanism. Alum 
treatment achieved a better flux profile and increased permeate volume than ACH treatment due to 
the removal of DOC, some of which was EOM with a high fluorescent organic content. Although 
ACH treatment removed more DOC, it was of greater aliphatic character, and resulted in poorer flux 
profile and lower permeate volume than alum treatment, suggesting the fluorescent content of EOM 
contributes to membrane fouling. Improved flux profiles were achieved at higher alum dosage (20 
mg Al3+ L-1).  
 
Surface membrane analyses of the hydraulically cleaned membrane revealed that the majority of the 
foulants (i.e., polysaccharides, proteins and humic acid-like materials) and aluminium hydroxide 
coagulum were removed with alum treatment, giving high flux recovery (> 91%). In contrast, the 
fouling materials and coagulum residues were more strongly attached to the membrane due to the 
highly polymerized nature of the ACH precipitate, causing difficulties in hydraulic cleaning, leading 
to lower flux recovery (63%) compared with alum. 
 
8.2.3 Stationary  growth phase 
There was a large increase in both the M. aeruginosa cell concentration and DOC, and a significant 
change in the type of organic matter in AHORS in terms of large increase of fulvic acid- and humic 
acid-like materials. These severely impacted on the flux profiles, leading to the lowest permeate 
volumes compared with the lag and exponential phase. The EOM component had a higher fouling 
potential than the cell component. 
 
Although chemical coagulation (with alum or ACH) improved the flux rate, water quality and 
permeate volume, a higher coagulant concentration of 20 mg Al3+ L-1 was necessary to achieve a 
satisfactory amount of permeate, but this resulted in a larger quantity of deposit on the membrane. 
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In contrast to the exponential phase, surface analysis of the hydraulically cleaned membranes for the 
alum-treated (20 mg Al3+ L-1) samples showed that the residual foulants and the aluminium 
hydroxide coagulum were recalcitrant, especially for samples containing high EOM content, which 
in turn led to the large reduction in flux recovery.  
 
The EOM exhibited a stronger inhibitory effect on alum coagulation compared with the M. 
aeruginosa cells in the effluent, causing the resultant foulants/particulates and coagulum to directly 
deposit and adhere to the membrane, thus leading to the formation of a recalcitrant foulant layer that 
was resistant to hydraulic cleaning. This was shown to be due to excreted phosphorus-containing 
materials in the EOM-rich fraction, reacting with the aluminium cations, impeding the hydrolysis of 
alum and causing strong affinity of foulant and the resultant coagulum with the membrane. 
 
8.3 Implications 
This study showed that the fouling mechanism of the M. aeruginosa cell and EOM content alters 
with the growth phase. The cells cause greater fouling than the EOM content in the lag to 
exponential growth, whereas the EOM causes greater fouling than cells during the stationary phase. 
 
Alum can be used throughout the lag, exponential and stationary growth phase of M. aeruginosa 
blooms in a biologically treated effluent. However, for the stationary growth phase care needs to be 
taken not to dose alum at concentrations greater than 5 mg Al3+ L-1 due to the high EOM levels 
(DOC of approximately or greater than 15 mg L-1) leading to severe and recalcitrant membrane 
fouling. However, ACH should only be used during the lag growth phase.  
 
From an industrial perspective, the better flux profile, higher flux recovery and negligible internal 
membrane fouling obtained by using alum rather than ACH indicated higher productivity, longer 
runtime and a shorter cleaning downtime. Operation and maintenance costs would be reduced due to 
the longer operational life span of the membranes.  
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CHAPTER 9 RECOMMENDATIONS 
 
This study showed that polysaccharides, proteins and humic acid-like materials were major 
contributors to fouling of the microfiltration membrane. Further analysis of these compounds is 
recommended to determine their detailed chemical composition so as to identify which are 
responsible for irreversible fouling in the exponential and stationary growth phases of M. aeruginosa 
and the ideal pre-treatment or preventive measures to remove these compounds. 
 
Future studies could be conducted with: 
• Other species of cyanobacteria (e.g., Anabaena spp., Cylindrospermopsis raciborskii, 
Oscillatoria spp.) grown in treated effluent. 
• Other types of algae (e.g., Chlorella, Euglena, Chlamydomonas) grown in treated effluent. 
• A combination of cyanobacteria and algae grown in treated effluent, 
• Other types of membrane (e.g., different porosity, material, ceramic membrane). 
• Other types of filtration configuration (e.g., cross-flow, submerged membrane bioreactor, hollow 
fibre)  
 
It is also recommended that the fate of the cyanobacterial toxin in membrane treatment (with/without 
pre-treatments) throughout the algal growth cycle be investigated. 
 
This study was conducted on a lab-scale basis. It is recommended to conduct this study on an actual 
pilot-scale study at a wastewater treatment plant for comparison purposes. 
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APPENDIXES 
 
Appendix A –  Schematic of Western Treatment Plant treatment process 
 
 
 
Figure A.1 Schematic of Western Treatment Plant treatment process. 
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Appendix B –  MLA nutrient medium preparation 
Reference: Bolch and Blackburn, (1996) 
MLA nutrient medium is derived from the ASM-1 medium reported in Gorham et al. (1964) and the 
following solutions were made up in individual volumetric flasks: 
 
Stock Solutions: 
1. MgSO4.7H2O  4.94 g / 100 mL 
2. NaNO3  8.50 g / 100 mL 
3. K2HPO4   1.392 g / 200 mL 
4. H3BO3  0.247 g / 100 mL 
 
5. Vitamins  
Working Stock Solution 
To 100 mL of Milli-Q water, the following was added: 
Biotin  0.05 mL primary stock 
Vitamin B12  0.05 mL primary stock 
Thiamine HCl  0.01 g 
 
 Primary Stocks  (per 100 mL Milli-Q H20) 
 Biotin  0.01 g  
 Vitamin B12  0.01 g  
 
6. Micronutrients 
Stock Solution [100 mL] 
To 80 mL of MilliQ water, each of the following constituents was added separately, and mixed to 
dissolve after each addition: 
Na2EDTA  0.436 g (added first & stirred on low heat to fully dissolve) 
FeCl3.6H2O  0.1625 g 
NaHCO3  0.060 g 
MnCl2.4H2O  0.036 g 
then 1 mL of each of the following primary stocks was added: 
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 Primary Stocks  (per 100 mL Milli-Q H20) 
 CuCl2.2H2O  0.0683 g 
 ZnCl2  0.1043 g 
 CoCl2.6H2O  0.10 g 
 Na2MoO4.2H2O  0.06 g 
 
Finally, the micronutrient stock was made up to 100 mL with MilliQ water 
 
If precipitate formed the pH was increased to 7. 
 
7. NaHCO3  1.69 g / 100 mL 
8. CaCl2.2H2O  2.94 g / 100 mL  
 
All solutions were stored at 4oC. 
 
MLA nutrient stock preparation: 
 
1. Preparation of Sterile MLA Medium (1000 mL) 
 
To 560 mL MilliQ water the following was added 
MgSO4.7H2O  40 mL  
NaNO3  80 mL  
H3BO3  40 mL  
Vitamin stock  40 mL  
Micronutrient stock  40 mL  
 
The solution was then autoclaved (121oC for 20 min) to sterilize. 
After autoclaving, 200 mL of K2HPO4 was added by sterile filtration (0.22 µm) 
 
2. Preparation of Sterile NaHCO3 (100 mL) 
To 100 mL of H2O 1.69 g of NaHCO3 was added and the solution autoclaved (121oC for 20 min) to 
sterilize. 
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3. Preparation of Sterile CaCl2.2H2O (100 mL) 
To 100 mL of H2O 2.94 g of CaCl2.2H2O was added and the solution autoclaved (121oC for 20 min) 
to sterilize. 
 
MLA nutrient medium preparation for algal culturing: 
To prepare an algal culture of 1000 mL, add: 
 
MilliQ water   963 mL  
Sterile MLA Medium 25 mL   
Sterile NaHCO3  1 mL   
Sterile CaCl2.2H2O   1 mL   
Algal culture 10 mL 
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Appendix C –  Use of hemocytometer 
Use of a Hemocytometer by Hansen (2000) 
 
A hemocytometer is an etched glass chamber with raised sides that will hold a quartz cover slip 
exactly 0.1 mm above the chamber floor. The counting chamber is etched over a total surface area of 
9 mm2 (Figure C.2). 
 
Figure C.2 Dimension of a hemocytometer 
 
Calculation of concentration is based on the volume underneath the cover slip. One large square (see 
W in Figure C.3) has a volume of 0.0001 mL (length x width x height; i.e., 0.1 cm x 0.1 cm x 0.01 
cm). 
 
The hemocytometer was filled by capillary action by placing the pipette filled with a well suspended 
mixture of cells at the notch at the edge of the hemocytometer and then slowly expelling some of the 
contents so that the fluid was drawn into the chamber by capillary action. 
 
The choice of methods depends upon the cell concentration - the accuracy of the procedure depends 
upon the number of cells counted. When cell concentration was low (early growth phase of M. 
aeruginosa), Method B was used. 
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Method A 
Count the number of cells in the 4 outer squares (see the left panel of Figure C.3). 
The cell concentration was calculated as follows: 
Cell concentration per milliliter = Total cell count in 4 squares x 2500 x dilution factor 
Example: If one counted 450 cells after diluting an aliquot of the cell suspension 1:10, the original 
cell concentration = 450 x 2500 x 10 = 11,250,000/mL 
 
Method B 
Estimate cell concentration by counting 5 squares in the large middle square (see the right panel in 
Figure C.3). 
The cell concentration was calculated as follows: 
Cell concentration per milliliter = Total cell count in 5 squares x 50,000 x dilution factor 
Example: If one counted 45 cells after diluting an aliquot of the cell suspension 1:10, the original 
cell concentration = 45 x 50,000 x 10 = 22,500,000/mL 
 
 
Figure C.3 Calculation method A (Left) and B (right) 
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Appendix D –  Correlation between M. aeruginosa Cell Count and Chl-a 
Concentration.  
 
 
Figure D.4 Plot of M. aeruginosa cell count vs Chl-a concentration. 
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Appendix E –  Example of Data Processing for a Microfiltration 
Experiment 
 
Membrane type: 0.1 µm hydrophilic polyvinylidene fluoride (PVDF) microfiltration membrane 
Operating condition: Transmembrane pressure, P = 70 kPa; Temperature, t = 20oC; Membrane area 
= 0.00134 m2 
Sample Type: HORS effluent (DOC: 9 mg L-1) 
 
Table E.1 Sample calculation for microfiltration experiment.  
Filtration of pure water using a 
virgin membrane - 
Determination of Jo 
Filtration of HORS effluent -  
Plot of J vs volume curve 
Determination of the pure flux (Jw) 
after the backwash of the fouled 
membrane 
Time    
(h) 
Volume    
(L) 
Flux     
(Lm-2h-1) 
Time    
(h) 
Volume    
(L) 
Flux       
(Lm-2h-1) 
Time       
(h) 
Volume    
(L) 
Flux      
(Lm-2h-1) 
0.00 0.00 - 0.00 0.00 - 0.00 0.00 - 
0.02 0.03 1187 0.02 0.03 1182 0.02 0.02 904 
0.03 0.06 1455 0.03 0.05 1106 0.03 0.04 936 
0.05 0.09 1527 0.05 0.07 1021 0.05 0.06 945 
0.07 0.13 1527 0.07 0.10 963 0.07 0.08 945 
0.08 0.16 1513 0.08 0.12 900 0.08 0.10 940 
0.10 0.20 1522 0.10 0.13 842 0.10 0.13 949 
0.12 0.23 1513 0.12 0.15 801 0.12 0.15 949 
0.13 0.26 1500 0.13 0.17 761 0.13 0.17 945 
0.15 0.30 1509 0.15 0.19 716 0.15 0.19 949 
0.17 0.33 1500 0.17 0.20 681 0.17 0.21 945 
0.18 0.36 1496 0.18 0.21 645 
0.20 0.40 1487 0.20 0.23 609 
Jw = 
Average value of the last 
3 flux rate 
0.22 0.43 1487 0.22 0.24 578 = 946 Lm-2h-1 
0.23 0.46 1482 0.23 0.25 546 
0.25 0.50 1473 0.25 0.27 519 
Flux 
recovery 
(%) 
= (Jw/Jo) x 100 
0.27 0.53 1496 0.27 0.28 493  = 64 
0.28 0.29 461    Jo = 
Average value of the 
last 3 flux rate 0.30 0.30 443    
= 1484 Lm-2h-1 0.32 0.31 421    
   0.33 0.31 394    
      
   
After 0.33 hrs of filtration, the 
permeate flux: 
   
   J = 394 Lm-2h-1    
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 Appendix F – Experimental Data for Chapter 5 
Table F.2 Percentage turbidity removal and residual Chl-a concentration for LAHORS, EAHORS 
and SAHORS samples. 
S/no. Sample Name Turbidity (NTU) 
Removal for 
Turbidity (%) Chl-a (µg L
-1) 
1 LAHORS 2.9 - 17 
2 LAHORS Permeate 0.1 97 0 
3 1 mg Al/L Alum on LAHORS Permeate 0.1 97 0 
4 3 mg Al/L Alum on LAHORS Permeate 0.1 97 0 
5 5 mg Al/L Alum on LAHORS Permeate 0.1 97 0 
6 5 mg Al/L ACH on LAHORS Permeate 0.1 97 0 
7 EAHORS 40.2 - 268 
8 EAHORS Permeate 0.2 100 0 
9 1 mg Al/L Alum on EAHORS Permeate 0.1 100 0 
10 3 mg Al/L Alum on EAHORS Permeate 0.1 100 0 
11 5 mg Al/L Alum on EAHORS Permeate 0.1 100 0 
12 5 mg Al/L ACH on EAHORS Permeate 0.1 100 0 
13 10 mg Al/L Alum on EAHORS Permeate 0.1 100 0 
14 SAHORS 147.0 - 635 
15 SAHORS Permeate 0.9 99 0 
16 5 mg Al/L Alum on SAHORS Permeate 0.2 100 0 
17 1.5 pre-filtered: 5 mg Al/L Alum on SAHORS Permeate 0.5 100 0 
18 10 mg Al/L Alum on SAHORS Permeate 0.2 100 0 
19 20 mg Al/L Alum on SAHORS Permeate 0.2 100 0 
20 10 mg Al/L ACH on SAHORS Permeate 0.2 100 0 
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Table F.3 Calibration Data for Al detection using ICP-MS 
Sample Residual Al 
Vial Sample Name Dilution Concentration (ppb) 
Counts per second 
(CPS) 
1 Standard 1 (100 ppb) 1 113.1 1265904 
2 Standard 2 (80 ppb) 1 125.0 1387681 
3 Standard 3 (60 ppb) 1 59.7 716282 
4 Standard 4 (40 ppb) 1 39.4 507350 
5 Standard 5 (20 ppb) 1 22.2 330231 
6 Standard 6 (0 ppb) 1 0.0 102311 
 
 
 
 
 
 
Figure F.5 Aluminium calibration curve 
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Table F.4 Residual Al concentration in samples and permeates of HORS, LAHORS, EAHORS, 
SAHORS after various treatments. 
Sample Residual Al 
Vial Sample Name Dilution Concentration (ppb) 
Counts per second 
(CPS) 
1 HORS 1 <0.0 96125 
2 HORS Permeate 1 <0.0 49297 
3 LAHORS Permeate 1 <0.0 53415 
4 1 mg Al/L Alum on LAHORS Permeate 1 <0.0 60349 
5 3 mg Al/L Alum on LAHORS Permeate 1 <0.0 42656 
6 5 mg Al/L Alum on LAHORS Permeate 1 <0.0 21469 
7 5 mg Al/L ACH on LAHORS Permeate 1 <0.0 32701 
8 EAHORS 1 3.4 137034 
9 EAHORS Permeate 1 2.6 129491 
10 1 mg Al/L Alum on EAHORS Permeate 1 66.5 785797 
11 3 mg Al/L Alum on EAHORS Permeate 1 6.4 168566 
12 5 mg Al/L Alum on EAHORS Permeate 1 <0.0 99205 
13 5 mg Al/L ACH on EAHORS Permeate 1 2.3 125812 
14 10 mg Al/L Alum on EAHORS Permeate 1 <0.0 90675 
15 SAHORS 1 3.6 138954 
16 SAHORS Permeate 1 0.9 111230 
17 5 mg Al/L Alum on SAHORS Permeate 1 75.1 874959 
18 
1.5 pre-filtered: 5 mg Al/L 
Alum on SAHORS 
Permeate 
1 65.9 779973 
19 10 mg Al/L Alum on SAHORS Permeate 1 8.2 186898 
20 20 mg Al/L Alum on SAHORS Permeate 1 1.1 113861 
21 10 mg Al/L ACH on SAHORS Permeate 1 17.3 280230 
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Appendix G – Experimental Data for Chapter 7 
Table G.5 Percentage turbidity removal and residual Chl-a concentration for EAHORS, SAHORS, 
HCS:LEE and LCE:HES samples. 
S/no. Sample Name Turbidity (NTU) 
Removal for 
Turbidity (%) Chl-a (µg L
-1) 
1 EAHORS 16.9 - 253 
2 EAHORS Permeate 0.2 99 0 
3 5 mg Al/L Alum on EAHORS Permeate 0.1 99 0 
4 10 mg Al/L Alum on EAHORS Permeate 0.1 99 0 
5 20 mg Al/L Alum on EAHORS Permeate 0.1 99 0 
6 HORS + Algal cells (Exponential Phase) 16.1 99 253 
7 HORS + Algal cells Permeate 0.1 99 0 
8 EOM (Exponential Phase) 1.4 99 0 
9 EOM Permeate 0.1 93 0 
10 SAHORS 140.0 - 758 
11 SAHORS Permeate 0.3 99 0 
12 5 mg Al/L Alum on SAHORS Permeate 0.3 100 0 
13 10 mg Al/L Alum on SAHORS Permeate 0.1 100 0 
14 20 mg Al/L Alum on SAHORS Permeate 0.2 100 0 
15 EOM (Stationary Phase) 3.4 100 0 
16 EOM Permeate 0.2 94 0 
17 20 mg Al/L Alum on EOM Permeate 0.2 94 0 
18 HCS:LEE 210 - 758 
19 HCS:LEE Permeate 0.2 100 0 
20 20 mg Al/L Alum on HCS:LEE Permeate 0.2 100 0 
21 LCE:HES 35 - 0 
22 LCE:HES Permeate 0.3 99 0 
23 20 mg Al/L Alum on LCE:HES Permeate 0.3 99 0 
 
